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PREAMBLE

The WHO Environmental Health Criteria Programme

In 1973 the World Health Organization (WHO) Environmental
Health Criteria Programme was initiated with the following objectives:
(i) to assess information on the relationship between exposure to

environmental pollutants and human health, and to provide
guidelines for setting exposure limits;

(ii) to identify new or potential pollutants;
(iii) to identify gaps in knowledge concerning the health effects of

pollutants;
(iv) to promote the harmonization of toxicological and epidemiological

methods in order to have internationally comparable results.
It should be noted in this context that WHO defines health as the

state of complete physical, mental and social well being and not merely the
absence of disease or infirmity (WHO, 1946).

The first Environmental Health Criteria (EHC) monograph, on mer-
cury, was published in 1976 and since that time an ever-increasing number of
assessments of chemical and of physical agents have been produced. In addi-
tion, many EHC monographs have been devoted to evaluating toxicological
methodology, e.g. for genetic, neurotoxic, teratogenic and nephrotoxic
agents. Other publications have been concerned with epidemiological guide-
lines, evaluation of short-term tests for carcinogens, biomarkers, effects on
the elderly and so forth.

The original impetus for the Programme came from World Health
Assembly resolutions and the recommendations of the 1972 UN Conference
on the Human Environment. Subsequently the work became an integral part
of the International Programme on Chemical Safety (IPCS), a cooperative
programme of the United Nations Environment Programme (UNEP), the
International Labour Office (ILO) and WHO. With the strong support of the
new partners, the importance of occupational health and environmental
effects was fully recognized. The EHC monographs have become widely
established, used and recognized throughout the world.

Electromagnetic Fields

Three monographs on electromagnetic fields (EMF) address possi-
ble health effects from exposure to extremely low frequency (ELF) fields,
static and ELF magnetic fields, and radiofrequency (RF) fields (WHO, 1984;
WHO, 1987; WHO, 1993). They were produced in collaboration with UNEP,
ILO and the International Non-Ionizing Radiation Committee (INIRC) of the
International Radiation Protection Association (IRPA) and from 1992 the
International Commission on Non-Ionizing Radiation Protection (ICNIRP).
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EHC monographs are usually revised if new data are available that
would substantially change the evaluation, if there is public concern for
health or environmental effects of the agent because of greater exposure, or if
an appreciable time period has elapsed since the last evaluation. The EHCs
on EMF are being revised and will be published as a set of three monographs
spanning the relevant EMF frequency range (0–300 GHz); static fields (0
Hz), ELF fields (up to 100 kHz, this volume) and RF fields (100 kHz – 300
GHz).

WHO's assessment of any health risks produced by non-ionizing
radiation emitting technologies (in the frequency range 0–300 GHz) falls
within the responsibilities of the International EMF Project. This Project was
established by WHO in 1996 in response to public concern over health
effects of EMF exposure, and is managed by the Radiation and Environmen-
tal Health Unit (RAD) which is coordinating the preparation of the EHC
Monographs on EMF.

The WHO health risk assessment exercise includes the develop-
ment of an extensive database that comprises relevant scientific publications.
Interpretation of these studies can be controversial, as there exists a spectrum
of opinion within the scientific community and elsewhere. In order to
achieve as wide a degree of consensus as possible, the health risk assessment
also draws on, and in some cases includes sections of, reviews already com-
pleted by other national and international expert review bodies, with particu-
lar reference to:
• the International Agency for Research on Cancer (IARC)

Monograph on static and extremely low frequency (ELF) fields
IARC, 2002. In June 2001 IARC formally evaluated the evidence
for carcinogenesis from exposure to static and ELF fields. The
review concluded that ELF magnetic fields are possibly
carcinogenic to humans. 

• Reviews on physics/engineering, biology and epidemiology
commissioned by WHO to the International Commission on Non-
Ionizing Radiation Protection (ICNIRP), a non-governmental
organization in formal relations with WHO (ICNIRP, 2003).

• Reviews by the Advisory Group on Non-Ionising Radiation
(AGNIR) of the Health Protection Agency (HPA), United Kingdom
(AGNIR, 2001a; 2001b; 2004; 2006). 

Scope

The EHC monographs are intended to provide critical reviews on
the effect on human health and the environment of chemicals, physical and
biological agents. As such, they include and review studies that are of direct
relevance for the evaluation. However, they do not describe every study car-
ried out. Worldwide data are used and are quoted from original studies, not
from abstracts or reviews. Both published and unpublished reports are con-
sidered but preference is always given to published data. Unpublished data
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are only used when relevant published data are absent or when they are piv-
otal to the risk assessment. A detailed policy statement is available that
describes the procedures used for unpublished proprietary data so that this
information can be used in the evaluation without compromising its confi-
dential nature (WHO, 1990).

In the evaluation of human health risks, sound human data, when-
ever available, are generally more informative than animal data. Animal and
in vitro studies provide support and are used mainly to supply evidence miss-
ing from human studies. It is mandatory that research on human subjects is
conducted in full accord with ethical principles, including the provisions of
the Helsinki Declaration (WMA, 2004).

All studies, with either positive or negative effects, need to be eval-
uated and judged on their own merit, and then all together in a weight of evi-
dence approach. It is important to determine how much a set of evidence
changes the probability that exposure causes an outcome. Generally, studies
must be replicated or be in agreement with similar studies. The evidence for
an effect is further strengthened if the results from different types of studies
(epidemiology and laboratory) point to the same conclusion.

The EHC monographs are intended to assist national and interna-
tional authorities in making risk assessments and subsequent risk manage-
ment decisions. They represent an evaluation of risks as far as the data will
allow and are not, in any sense, recommendations for regulation or standard
setting. These latter are the exclusive purview of national and regional gov-
ernments. However, the EMF EHCs do provide bodies such as ICNIRP with
the scientific basis for reviewing their international exposure guidelines.

Procedures

The general procedures that result in the publication of this EHC
monograph are discussed below.

A first draft, prepared by consultants or staff from a RAD Collabo-
rating Centre, is based initially on data provided from reference databases
such as Medline and PubMed and on IARC and ICNIRP reviews. The draft
document, when received by RAD, may require an initial review by a small
panel of experts to determine its scientific quality and objectivity. Once the
document is acceptable as a first draft, it is distributed, in its unedited form,
to well over 150 EHC contact points throughout the world who are asked to
comment on its completeness and accuracy and, where necessary, provide
additional material. The contact points, usually designated by governments,
may be Collaborating Centres, or individual scientists known for their partic-
ular expertise. Generally some months are allowed before the comments are
considered by the author(s). A second draft incorporating comments received
and approved by the Coordinator (RAD), is then distributed to Task Group
members, who carry out the peer review, at least six weeks before their meet-
ing.
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The Task Group members serve as individual scientists, not as rep-
resentatives of their organization. Their function is to evaluate the accuracy,
significance and relevance of the information in the document and to assess
the health and environmental risks from exposure to the part of the electro-
magnetic spectrum being addressed. A summary and recommendations for
further research and improved safety aspects are also required. The composi-
tion of the Task Group is dictated by the range of expertise required for the
subject of the meeting (epidemiology, biological and physical sciences, med-
icine and public health) and by the need for a balance in the range of opin-
ions on the science, gender and geographical distribution.

The membership of the WHO Task Groups is approved by the
Assistant Director General of the Cluster on Sustainable Development and
Health Environments. These Task Groups are the highest level committees
within WHO for conducting health risk assessments.

Task Groups conduct a critical and thorough review of an advanced
draft of the ELF EHC monograph and assess any risks to health from expo-
sure to both electric and magnetic fields, reach agreements by consensus, and
make final conclusions and recommendations that cannot be altered after the
Task Group meeting.

The World Health Organization recognizes the important role
played by non-governmental organizations (NGOs). Representatives from
relevant national and international associations may be invited to join the
Task Group as observers. While observers may provide a valuable contribu-
tion to the process, they can only speak at the invitation of the Chairperson.
Observers do not participate in the final evaluation; this is the sole responsi-
bility of the Task Group members. When the Task Group considers it to be
appropriate, it may meet in camera.

All individuals who as authors, consultants or advisers participate
in the preparation of the EHC monograph must, in addition to serving in their
personal capacity as scientists, inform WHO if at any time a conflict of inter-
est, whether actual or potential, could be perceived in their work. They are
required to sign a conflict of interest statement. Such a procedure ensures the
transparency and probity of the process.

When the Task Group has completed its review and the Coordinator
(RAD) is satisfied as to the scientific consistency and completeness of the
document, it then goes for language editing, reference checking, and prepara-
tion of camera-ready copy. After approval by the Director, Department of
Protection of the Human Environment (PHE), the monograph is submitted to
the WHO Office of Publications for printing. At this time a copy of the final
draft is sent to the Chairperson and Rapporteur of the Task Group to check
the proofs.

Extremely Low Frequency Environmental Health Criteria

This EHC addresses the possible health effects of exposure to
extremely low frequency (>0 Hz – 100 kHz) electric and magnetic fields. By
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far the majority of studies concern the health effects resulting from exposure
to power frequency (50–60 Hz) magnetic fields; a few studies address the
effects of exposure to power frequency electric fields. In addition, a number
of studies have addressed the effects of exposure to the very low frequency
(VLF, 3–30 kHz) switched gradient magnetic fields used in Magnetic Reso-
nance Imaging, and, more commonly, the weaker VLF fields emitted by
visual display units (VDU’s) and televisions. 

The ELF EHC is organized by disease category; separate expert
working groups met in order to develop drafts addressing neurodegenerative
disorders (Chapter 7), cardiovascular disorders (Chapter 8), childhood leu-
kaemia (section 11.2.1) and protective measures (Chapter 13). The member-
ship of these expert working groups is given below. Drafts of the other
chapters were prepared by consultants, staff from WHO collaborating cen-
tres and by RAD Unit staff. These included Prof. Paul Elliot, Imperial Col-
lege of Science, Technology and Medicine, UK, Prof. Maria Stuchly,
University of Victoria, Canada, and Prof. Bernard Veyret, ENSCPB, France,
in addition to individuals who were also members of one of the expert work-
ing groups and/or the Task Group (see below). The draft chapters were indi-
vidually reviewed by external referees prior to their collation as a draft
document.

The draft EHC was subsequently distributed for external review.
Editorial changes and minor scientific points were addressed by a WHO Edi-
torial Group and the final draft was distributed to Task Group members prior
to the Task Group meeting.

The Task Group met from October 3–7, 2005 at WHO headquarters
in Geneva. The text of the EHC was subsequently edited for clarity and con-
sistency by an Editorial Group consisting of Dr Emilie van Deventer and Dr
Chiyoji Ohkubo, both from WHO, Geneva, Switzerland, Dr Rick Saunders,
Health Protection Agency, Chilton, UK, Dr Eric van Rongen, Health Council
of the Netherlands, Prof. Leeka Kheifets, UCLA School of Public Health,
Los Angeles, CA, USA and Dr Chris Portier, NIEHS, Research Triangle
Park, NC, USA. Following a final review by the Task Group and scientific
and text editing, the EHC was published on the International EMF Projects
website on 18 June 2007.

Participants in the WHO Expert Working Groups

WHO Neurodegenerative Disorders Workshop, WHO HQ,
Geneva. 12–13 December, 2002

Prof. Anders Ahlbom, Institute of Environmental Medicine, Karolinska
Institute, Stockholm, Sweden
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Prof. Laurel Beckett, School of Medicine UC Davis, Davis, CA, United
States of America
Prof. Colin Blakemore, University of Oxford, Oxford, United Kingdom
Dr Zoreh Davanipour, Roswell Park Cancer Institute, Buffalo, NY, United
States of America
Dr Michel Geffard, National Graduate School of Chemistry and Physics of
Bordeaux (ENSCPB), Pessac, France
Dr Larry Goldstein, World Health Organization, Geneva, Switzerland
Dr Christoffer Johansen, Institute of Cancer Epidemiology, Copenhagen,
Denmark
Dr Leeka Kheifets, World Health Organization, Geneva, Switzerland
Prof. Robert Olsen, Washington State University, Pullman, WA, United
States of America
Dr Michael Repacholi, World Health Organization, Geneva, Switzerland
Prof. Eugene Sobel, Roswell Park Cancer Institute, Buffalo, NY, United
States of America

WHO Cardiovascular Disorders Workshop, Stockholm, Sweden,
27–28 May 2003

Prof. Anders Ahlbom, Institute of Environmental Medicine, Karolinska
Institute, Stockholm, Sweden
Dr Christoffer Johansen, Institute of Cancer Epidemiology, Copenhagen,
Denmark
Dr Leeka Kheifets, World Health Organization, Geneva, Switzerland
Dr Maria Feychting, Institute of Environmental Medicine, Karolinska Insti-
tute, Stockholm, Sweden
Dr Jack Sahl, Southern California Edison Co, Upland, CA, United States of
America

WHO Childhood Leukaemia Workshop, NIES, Japan, 16–18
September 2003

Prof. Abdelmonem Afifi, UCLA School of Public Health, Los Angeles, CA,
United States of America
Prof. Anders Ahlbom, Institute of Environmental Medicine, Karolinska
Institute, Stockholm, Sweden
Dr Emilie van Deventer, World Health Organization, Geneva, Switzerland
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Dr Michinori Kabuto, National Institute for Environmental Studies, Tsukuba,
Ibariki, Japan
Dr Bill Kaune, EMF Consultant, United States of America.
Prof. Leeka Kheifets, UCLA School of Public Health, Los Angeles, CA,
United States of America.
Dr Gabor Mezei, Electric Power Research Institute, Palo Alto, CA, United
States of America
Dr Chris Portier, National Institute of Environmental Health Sciences,
Research Triangle Park, NC, United States of America
Dr Tomohiro Saito, National Centre for Child Health and Development,
Japan
Dr John Swanson, National Grid Transco, London, United Kingdom
Dr Naoto Yamaguchi, Graduate School of Medicine, Tokyo Women's Medi-
cal University, Japan

WHO Protective Measures for ELF EMFs Workshop, NIEHS, USA,
9–11 February, 2005

Dr Robert Bradley, Consumer and Clinical Radiation Protection Bureau,
Ottawa, Canada
Mr Abiy Desta, Center for Devices and Radiological Health, Rockville, MD,
United States of America
Mrs Shaiela Kandel, Soreq Nuclear Research Center, Yavne, Israel
Prof. Leeka Kheifets, UCLA School of Public Health, Los Angeles, CA,
United States of America.
Dr Raymond Neutra, Division of Environmental and Occupational Disease
Control, Californai Department of Health Services, Oakland, CA, United
States of America
Dr Chris Portier, National Institute of Environmental Health Sciences,
Research Triangle Park, NC, United States of America
Dr Michael Repacholi, World Health Organization, Geneva, Switzerland
Dr Jack Sahl, Southern California Edison Company, Upland, CA, United
States of America
Dr John Swanson, National Grid Transco, London, United Kingdom
Dr Mary Wolfe, National Institute of Environmental Health Sciences,
Research Triangle Park, NC, United States of America

DEIS Comments (MGC) - Attachment 7, Page 17 
xvii



Task Group on ELF electric and magnetic fields, Geneva, 3–7
October, 2005

Members

Prof. Anders Ahlbom, Institute of Environmental Medicine, Karolinska
Institute, Stockholm, Sweden
Dr Larry Anderson, Battelle Pacific Northwest National Laboratory, Rich-
land, WA, United States of America
Dr Christoffer Johansen, Institute of Cancer Epidemiology, Copenhagen,
Denmark
Dr Jukka Juutilainen, University of Kuopio, Kuopio, Finland
Dr Michinori Kabuto, National Institute for Environmental Studies, Tsukuba,
Ibariki, Japan
Mrs Shaiela Kandel, Soreq Nuclear Research Center, Yavne, Israel
Prof. Leeka Kheifets, UCLA School of Public Health, Los Angeles, CA,
United States of America
Dr Isabelle Lagroye, National Graduate School of Chemistry and Physics of
Bordeaux (ENSCPB), Pessac, France
Dipl-Ing Rüdiger Matthes, Federal Office for Radiation Protection, Ober-
schleissheim, Germany
Prof. Jim Metcalfe, University of Cambridge, Cambridge, United Kingdom
Prof. Meike Mevissen, Institut für Tiergenetik, Bern, Switzerland
Prof. Junji Miyakoshi, Hirosaki University, Hirosaki, Japan
Dr Alastair McKinlay, Health Protection Agency, Chilton, United Kingdom
Dr Shengli Niu, International Labour Organization, Geneva, Switzerland
Dr Chris Portier, National Institute of Environmental Health Sciences,
Research Triangle Park, NC, United States of America
Dr Eric van Rongen, Health Council of the Netherlands, The Hague, The
Netherlands
Dr Nina Rubtsova, RAMS Institute of Occupational Health, Moscow, Rus-
sian Federation
Dr Paolo Vecchia, National Institute of Health, Rome, Italy
Prof. Barney de Villiers, University of Stellenbosch, Cape Town, South
Africa 
Prof. Andrew Wood, Swinburne University of Technology, Melbourne, Aus-
tralia

DEIS Comments (MGC) - Attachment 7, Page 18 
xviii



Prof. Zhengping Xu, Zhejiang University School of Medicine, Hangzhou,
China

Observers

Mr Kazuhiko Chikamoto, Japan NUS Co., Minato-Ku, Tokyo, Japan
Dr Robert Kavet, Electric Power Research Institute, Palo Alto, CA, United
States of America
Prof. Hamilton Moss de Souza, CEPEL - Electrical Energy Research Center,
Adrianópolis, Brazil
Dr Michel Plante, Hydro-Québec, Montreal, Canada
Dr Martine Souques, EDF Gaz de France, Paris, France
Dr John Swanson, National Grid Transco, London, United Kingdom

WHO Secretariat

Dr Houssain Abouzaid, World Health Organization – Regional Office for the
Eastern Mediterranean (EMRO), Nasr City, Cairo, Egypt
Dr Emilie van Deventer, World Health Organization, Geneva, Switzerland
Dr Chiyoji Ohkubo, World Health Organization, Geneva , Switzerland
Dr Michael Repacholi, World Health Organization, Geneva, Switzerland
Dr Rick Saunders, c/o World Health Organization, Health Protection
Agency, Chilton, United Kingdom

DEIS Comments (MGC) - Attachment 7, Page 19 
xix



ACKNOWLEDGEMENTS

This monograph represents the most thorough health risk assessment cur-
rently available on extremely low frequency electric and magnetic fields.
WHO acknowledges and thanks all contributors to this important publica-
tion.
In particular, thanks go to the experts that drafted the initial version of the
various chapters, including Prof. Paul Elliot, Prof. Maria Stuchly, and Prof.
Bernard Veyret, the members of the Working Groups and the members of the
Task Group.
Special thanks go to Dr Eric van Rongen, from the Health Council of the
Netherlands, and Dr Rick Saunders, from the Health Protection Agency,
United Kingdom, for their continuing work throughout the development of
this monograph, and to Prof. Leeka Kheifets, who continued her involvement
in the development of the document long after she left WHO. 
WHO also acknowledges the generous support of the Health Council of the
Netherlands for providing the scientific and language editing, and for per-
forming the final layout of the document.

Dr. Emilie van Deventer
Acting Coordinator, Radiation and Environmental Health
World Health Organization
1 June 2007

DEIS Comments (MGC) - Attachment 7, Page 20 
xx



1

1 SUMMARY AND RECOMMENDATIONS FOR FURTHER
STUDY
This Environmental Health Criteria (EHC) monograph addresses

the possible health effects of exposure to extremely low frequency (ELF)
electric and magnetic fields. It reviews the physical characteristics of ELF
fields as well as the sources of exposure and measurement. However, its
main objectives are to review the scientific literature on the biological effects
of exposure to ELF fields in order to assess any health risks from exposure to
these fields and to use this health risk assessment to make recommendations
to national authorities on health protection programs.

The frequencies under consideration range from above 0 Hz to 100
kHz. By far the majority of studies have been conducted on power-frequency
(50 or 60 Hz) magnetic fields, with a few studies using power-frequency
electric fields. In addition, there have been a number of studies concerning
very low frequency (VLF, 3–30 kHz) fields, switched gradient magnetic
fields used in magnetic resonance imaging, and the weaker VLF fields emit-
ted by visual display units and televisions. 

This chapter summarizes the main conclusions and recommenda-
tions from each section as well as the overall conclusions of the health risk
assessment process. The terms used in this monograph to describe the
strength of evidence for a given health outcome are as follows. Evidence is
termed “limited” when it is restricted to a single study or when there are
unresolved questions concerning the design, conduct or interpretation of a
number of studies. “Inadequate” evidence is used when the studies cannot be
interpreted as showing either the presence or absence of an effect because of
major qualitative or quantitative limitations, or when no data are available.

Key gaps in knowledge were also identified and the research
needed to fill these gaps has been summarized in the section entitled “Rec-
ommendations for research”. 

1.1 Summary

1.1.1 Sources, measurements and exposures
Electric and magnetic fields exist wherever electricity is generated,

transmitted or distributed in power lines or cables, or used in electrical appli-
ances. Since the use of electricity is an integral part of our modern lifestyle,
these fields are ubiquitous in our environment.

The unit of electric field strength is volts per metre (V m-1) or kilo-
volts per metre (kV m-1) and for magnetic fields the flux density is measured
in tesla (T), or more commonly in millitesla (mT) or microtesla (µT) is used. 

Residential exposure to power-frequency magnetic fields does not
vary dramatically across the world. The geometric-mean magnetic field in
homes ranges between 0.025 and 0.07 µT in Europe and 0.055 and 0.11 µT
in the USA. The mean values of the electric field in the home are in the range
of several tens of volts per metre. In the vicinity of certain appliances, the
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instantaneous magnetic-field values can be as much as a few hundred
microtesla. Near power lines, magnetic fields reach approximately 20 µT and
electric fields up to several thousand volts per metre. 

Few children have time-averaged exposures to residential 50 or 60
Hz magnetic fields in excess of the levels associated with an increased inci-
dence of childhood leukaemia (see section 1.1.10). Approximately 1% to 4%
have mean exposures above 0.3 µT and only 1% to 2% have median expo-
sures in excess of 0.4 µT.

Occupational exposure, although predominantly to power-fre-
quency fields, may also include contributions from other frequencies. The
average magnetic field exposures in the workplace have been found to be
higher in “electrical occupations” than in other occupations such as office
work, ranging from 0.4–0.6 µT for electricians and electrical engineers to
approximately 1.0 µT for power line workers, with the highest exposures for
welders, railway engine drivers and sewing machine operators (above 3 µT).
The maximum magnetic field exposures in the workplace can reach approxi-
mately 10 mT and this is invariably associated with the presence of conduc-
tors carrying high currents. In the electrical supply industry, workers may be
exposed to electric fields up to 30 kV m-1. 

1.1.2 Electric and magnetic fields inside the body
Exposure to external electric and magnetic fields at extremely low

frequencies induces electric fields and currents inside the body. Dosimetry
describes the relationship between the external fields and the induced electric
field and current density in the body, or other parameters associated with
exposure to these fields. The locally induced electric field and current den-
sity are of particular interest because they relate to the stimulation of excit-
able tissue such as nerve and muscle.

The bodies of humans and animals significantly perturb the spatial
distribution of an ELF electric field. At low frequencies the body is a good
conductor and the perturbed field lines outside the body are nearly perpen-
dicular to the body surface. Oscillating charges are induced on the surface of
the exposed body and these induce currents inside the body. The key features
of dosimetry for the exposure of humans to ELF electric fields are as fol-
lows:
• The electric field inside the body is normally five to six orders of

magnitude smaller than the external electric field.
• When exposure is mostly to the vertical field, the predominant

direction of the induced fields is also vertical.
• For a given external electric field, the strongest induced fields are

for the human body in perfect contact through the feet with ground
(electrically grounded) and the weakest induced fields are for the
body insulated from the ground (in “free space”).
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• The total current flowing in a body in perfect contact with ground is
determined by the body size and shape (including posture), rather
than tissue conductivity.

• The distribution of induced currents across the various organs and
tissues is determined by the conductivity of those tissues

• The distribution of an induced electric field is also affected by the
conductivities, but less so than the induced current.

• There is also a separate phenomenon in which the current in the
body is produced by means of contact with a conductive object
located in an electric field.
For magnetic fields, the permeability of tissue is the same as that of

air, so the field in tissue is the same as the external field. The bodies of
humans and animals do not significantly perturb the field. The main interac-
tion of magnetic fields is the Faraday induction of electric fields and associ-
ated current densities in the conductive tissues. The key features of
dosimetry for the exposure of humans to ELF magnetic fields are as follows: 
• The induced electric field and current depend on the orientation of

the external field. Induced fields in the body as a whole are greatest
when the field is aligned from the front to the back of the body, but
for some individual organs the highest values are for the field
aligned from side to side.

• The weakest electric fields are induced by a magnetic field oriented
along the vertical body axis.

• For a given magnetic field strength and orientation, higher electric
fields are induced in larger bodies.

• The distribution of the induced electric field is affected by the
conductivity of the various organs and tissues. These have a limited
effect on the distribution of induced current density.

1.1.3 Biophysical mechanisms
Various proposed direct and indirect interaction mechanisms for

ELF electric and magnetic fields are examined for plausibility, in particular
whether a “signal” generated in a biological process by exposure to a field
can be discriminated from inherent random noise and whether the
mechanism challenges scientific principles and current scientific knowledge.
Many mechanisms become plausible only at fields above a certain strength.
Nevertheless, the lack of identified plausible mechanisms does not rule out
the possibility of health effects even at very low field levels, provided basic
scientific principles are adhered to. 

Of the numerous proposed mechanisms for the direct interaction of
fields with the human body, three stand out as potentially operating at lower
field levels than the others: induced electric fields in neural networks, radical
pairs and magnetite. 
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Electric fields induced in tissue by exposure to ELF electric or
magnetic fields will directly stimulate single myelinated nerve fibres in a
biophysically plausible manner when the internal field strength exceeds a
few volts per metre. Much weaker fields can affect synaptic transmission in
neural networks as opposed to single cells. Such signal processing by
nervous systems is commonly used by multicellular organisms to detect
weak environmental signals. A lower bound on neural network
discrimination of 1 mV m-1 has been suggested, but based on current
evidence, threshold values around 10–100 mV m-1 seem to be more likely. 

The radical pair mechanism is an accepted way in which magnetic
fields can affect specific types of chemical reactions, generally increasing
concentrations of reactive free radicals in low fields and decreasing them in
high fields. These increases have been seen in magnetic fields of less than 1
mT. There is some evidence linking this mechanism to navigation during
bird migration. Both on theoretical grounds and because the changes
produced by ELF and static magnetic fields are similar, it is suggested that
power-frequency fields of much less than the geomagnetic field of around 50
µT are unlikely to be of much biological significance.

Magnetite crystals, small ferromagnetic crystals of various forms of
iron oxide, are found in animal and human tissues, although in trace
amounts. Like free radicals, they have been linked to orientation and
navigation in migratory animals, although the presence of trace quantities of
magnetite in the human brain does not confer an ability to detect the weak
geomagnetic field. Calculations based on extreme assumptions suggest a
lower bound for the effects on magnetite crystals of ELF fields of 5 µT.

Other direct biophysical interactions of fields, such as the breaking
of chemical bonds, the forces on charged particles and the various narrow
bandwidth “resonance” mechanisms, are not considered to provide plausible
explanations for the interactions at field levels encountered in public and
occupational environments.

With regard to indirect effects, the surface electric charge induced
by electric fields can be perceived, and it can result in painful microshocks
when touching a conductive object. Contact currents can occur when young
children touch, for example, a tap in the bathtub in some homes. This
produces small electric fields, possibly above background noise levels, in
bone marrow. However, whether these present a risk to health is unknown. 

High-voltage power lines produce clouds of electrically charged
ions as a consequence of corona discharge. It is suggested that they could
increase the deposition of airborne pollutants on the skin and on airways
inside the body, possibly adversely affecting health. However, it seems
unlikely that corona ions will have more than a small effect, if any, on long-
term health risks, even in the individuals who are most exposed. 

None of the three direct mechanisms considered above seem plausi-
ble causes of increased disease incidence at the exposure levels generally
encountered by people. In fact they only become plausible at levels orders of
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magnitude higher and indirect mechanisms have not yet been sufficiently
investigated. This absence of an identified plausible mechanism does not rule
out the possibility of adverse health effects, but it does create a need for
stronger evidence from biology and epidemiology.

1.1.4 Neurobehaviour 
Exposure to power-frequency electric fields causes well-defined

biological responses, ranging from perception to annoyance, through surface
electric charge effects. These responses depend on the field strength, the
ambient environmental conditions and individual sensitivity. The thresholds
for direct perception by 10% of volunteers varied between 2 and 20 kV m-1,
while 5% found 15–20 kV m-1 annoying. The spark discharge from a person
to ground is found to be painful by 7% of volunteers in a field of 5 kV m-1.
Thresholds for the discharge from a charged object through a grounded per-
son depend on the size of the object and therefore require specific assess-
ment.

High field strength, rapidly pulsed magnetic fields can stimulate
peripheral or central nerve tissue; such effects can arise during magnetic res-
onance imaging (MRI) procedures, and are used in transcranial magnetic
stimulation. Threshold induced electric field strengths for direct nerve stimu-
lation could be as low as a few volts per metre. The threshold is likely to be
constant over a frequency range between a few hertz and a few kilohertz.
People suffering from or predisposed to epilepsy are likely to be more sus-
ceptible to induced ELF electric fields in the central nervous system (CNS).
Furthermore, sensitivity to electrical stimulation of the CNS seems likely to
be associated with a family history of seizure and the use of tricyclic antide-
pressants, neuroleptic agents and other drugs that lower the seizure threshold. 

The function of the retina, which is a part of the CNS, can be
affected by exposure to much weaker ELF magnetic fields than those that
cause direct nerve stimulation. A flickering light sensation, called magnetic
phosphenes or magnetophosphenes, results from the interaction of the
induced electric field with electrically excitable cells in the retina. Threshold
induced electric field strengths in the extracellular fluid of the retina have
been estimated to lie between about 10 and 100 mV m-1 at 20 Hz. There is,
however, considerable uncertainty attached to these values.

The evidence for other neurobehavioural effects in volunteer stud-
ies, such as the effects on brain electrical activity, cognition, sleep, hypersen-
sitivity and mood, is less clear. Generally, such studies have been carried out
at exposure levels below those required to induce the effects described
above, and have produced evidence only of subtle and transitory effects at
best. The conditions necessary to elicit such responses are not well-defined at
present. There is some evidence suggesting the existence of field-dependent
effects on reaction time and on reduced accuracy in the performance of some
cognitive tasks, which is supported by the results of studies on the gross elec-
trical activity of the brain. Studies investigating whether magnetic fields
affect sleep quality have reported inconsistent results. It is possible that these
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inconsistencies may be attributable in part to differences in the design of the
studies.

 Some people claim to be hypersensitive to EMFs in general. How-
ever, the evidence from double-blind provocation studies suggests that the
reported symptoms are unrelated to EMF exposure.

There is only inconsistent and inconclusive evidence that exposure
to ELF electric and magnetic fields causes depressive symptoms or suicide.
Thus, the evidence is considered inadequate.

In animals, the possibility that exposure to ELF fields may affect
neurobehavioural functions has been explored from a number of perspectives
using a range of exposure conditions. Few robust effects have been estab-
lished. There is convincing evidence that power-frequency electric fields can
be detected by animals, most likely as a result of surface charge effects, and
may elicit transient arousal or mild stress. In rats, the detection range is
between 3 and 13 kV m-1. Rodents have been shown to be aversive to field
strengths greater than 50 kV m-1. Other possible field-dependent changes are
less well-defined; laboratory studies have only produced evidence of subtle
and transitory effects. There is some evidence that exposure to magnetic
fields may modulate the functions of the opioid and cholinergic neurotrans-
mitter systems in the brain, and this is supported by the results of studies
investigating the effects on analgesia and on the acquisition and performance
of spatial memory tasks.

1.1.5 Neuroendocrine system
The results of volunteer studies as well as residential and occupa-

tional epidemiological studies suggest that the neuroendocrine system is not
adversely affected by exposure to power-frequency electric or magnetic
fields. This applies particularly to the circulating levels of specific hormones
of the neuroendocrine system, including melatonin, released by the pineal
gland, and to a number of hormones involved in the control of body metabo-
lism and physiology, released by the pituitary gland. Subtle differences were
sometimes observed in the timing of melatonin release associated with cer-
tain characteristics of exposure, but these results were not consistent. It is
very difficult to eliminate possible confounding by a variety of environmen-
tal and lifestyle factors that might also affect hormone levels. Most labora-
tory studies of the effects of ELF exposure on night-time melatonin levels in
volunteers found no effect when care was taken to control possible con-
founding. 

From the large number of animal studies investigating the effects of
power-frequency electric and magnetic fields on rat pineal and serum mela-
tonin levels, some reported that exposure resulted in night-time suppression
of melatonin. The changes in melatonin levels first observed in early studies
of electric field exposures up to 100 kV m-1 could not be replicated. The
findings from a series of more recent studies, which showed that circularly-
polarised magnetic fields suppressed night-time melatonin levels, were
weakened by inappropriate comparisons between exposed animals and his-

DEIS Comments (MGC) - Attachment 7, Page 26 



7

torical controls. The data from other experiments in rodents, covering inten-
sity levels from a few microtesla to 5 mT, were equivocal, with some results
showing depression of melatonin, but others showing no changes. In season-
ally breeding animals, the evidence for an effect of exposure to power-fre-
quency fields on melatonin levels and melatonin-dependent reproductive
status is predominantly negative. No convincing effect on melatonin levels
has been seen in a study of non-human primates chronically exposed to
power-frequency fields, although a preliminary study using two animals
reported melatonin suppression in response to an irregular and intermittent
exposure. 

The effects of exposure to ELF fields on melatonin production or
release in isolated pineal glands were variable, although relatively few in
vitro studies have been undertaken. The evidence that ELF exposure inter-
feres with the action of melatonin on breast cancer cells in vitro is intriguing.
However this system suffers from the disadvantage that the cell lines fre-
quently show genotypic and phenotypic drift in culture that can hinder trans-
ferability between laboratories. 

No consistent effects have been seen in the stress-related hormones
of the pituitary-adrenal axis in a variety of mammalian species, with the pos-
sible exception of short-lived stress following the onset of ELF electric field
exposure at levels high enough to be perceived. Similarly, while few studies
have been carried out, mostly negative or inconsistent effects have been
observed in the levels of growth hormone and of hormones involved in con-
trolling metabolic activity or associated with the control of reproduction and
sexual development.

Overall, these data do not indicate that ELF electric and/or mag-
netic fields affect the neuroendocrine system in a way that would have an
adverse impact on human health and the evidence is thus considered inade-
quate.

1.1.6 Neurodegenerative disorders
It has been hypothesized that exposure to ELF fields is associated

with several neurodegenerative diseases. For Parkinson disease and multiple
sclerosis the number of studies has been small and there is no evidence for an
association with these diseases. For Alzheimer disease and amyotrophic lat-
eral sclerosis (ALS) more studies have been published. Some of these reports
suggest that people employed in electrical occupations might have an
increased risk of ALS. So far, no biological mechanism has been established
which can explain this association, although it could have arisen because of
confounders related to electrical occupations, such as electric shocks. Over-
all, the evidence for the association between ELF exposure and ALS is con-
sidered to be inadequate.

The few studies investigating the association between ELF expo-
sure and Alzheimer disease are inconsistent. However, the higher quality
studies that focused on Alzheimer morbidity rather than mortality do not
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indicate an association. Altogether, the evidence for an association between
ELF exposure and Alzheimer disease is inadequate.

1.1.7 Cardiovascular disorders
Experimental studies of both short-term and long-term exposure

indicate that while electric shock is an obvious health hazard, other hazard-
ous cardiovascular effects associated with ELF fields are unlikely to occur at
exposure levels commonly encountered environmentally or occupationally.
Although various cardiovascular changes have been reported in the litera-
ture, the majority of effects are small and the results have not been consistent
within and between studies. With one exception, none of the studies of car-
diovascular disease morbidity and mortality has shown an association with
exposure. Whether a specific association exists between exposure and altered
autonomic control of the heart remains speculative. Overall, the evidence
does not support an association between ELF exposure and cardiovascular
disease.

1.1.8 Immunology and haematology
Evidence for the effects of ELF electric or magnetic fields on com-

ponents of the immune system is generally inconsistent. Many of the cell
populations and functional markers were unaffected by exposure. However,
in some human studies with fields from 10 µT to 2 mT, changes were
observed in natural killer cells, which showed both increased and decreased
cell numbers, and in total white blood cell counts, which showed no change
or decreased numbers. In animal studies, reduced natural killer cell activity
was seen in female mice, but not in male mice or in rats of either sex. White
blood cell counts also showed inconsistency, with decreases or no change
reported in different studies. The animal exposures had an even broader
range of 2 µT to 30 mT. The difficulty in interpreting the potential health
impact of these data is due to the large variations in exposure and environ-
mental conditions, the relatively small numbers of subjects tested and the
broad range of endpoints. 

There have been few studies carried out on the effects of ELF mag-
netic fields on the haematological system. In experiments evaluating differ-
ential white blood cell counts, exposures ranged from 2 µT to 2 mT. No
consistent effects of acute exposure to ELF magnetic fields or to combined
ELF electric and magnetic fields have been found in either human or animal
studies.

Overall therefore, the evidence for effects of ELF electric or mag-
netic fields on the immune and haematological system is considered inade-
quate.

1.1.9 Reproduction and development
On the whole, epidemiological studies have not shown an associa-

tion between adverse human reproductive outcomes and maternal or paternal
exposure to ELF fields. There is some evidence for an increased risk of mis-
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carriage associated with maternal magnetic field exposure, but this evidence
is inadequate.

Exposures to ELF electric fields of up to 150 kV m-1 have been
evaluated in several mammalian species, including studies with large group
sizes and exposure over several generations. The results consistently show
no adverse developmental effects. 

The exposure of mammals to ELF magnetic fields of up to 20 mT
does not result in gross external, visceral or skeletal malformations. Some
studies show an increase in minor skeletal anomalies, in both rats and mice.
Skeletal variations are relatively common findings in teratological studies
and are often considered biologically insignificant. However, subtle effects
of magnetic fields on skeletal development cannot be ruled out. Very few
studies have been published which address reproductive effects and no con-
clusions can be drawn from them.

Several studies on non-mammalian experimental models (chick
embryos, fish, sea urchins and insects) have reported findings indicating that
ELF magnetic fields at microtesla levels may disturb early development.
However, the findings of non-mammalian experimental models carry less
weight in the overall evaluation of developmental toxicity than those of cor-
responding mammalian studies. 

Overall, the evidence for developmental and reproductive effects is
inadequate.

1.1.10 Cancer
The IARC classification of ELF magnetic fields as “possibly carci-

nogenic to humans” (IARC, 2002) is based upon all of the available data
prior to and including 2001. The review of literature in this EHC monograph
focuses mainly on studies published after the IARC review.

Epidemiology

The IARC classification was heavily influenced by the associations
observed in epidemiological studies on childhood leukaemia. The classifica-
tion of this evidence as limited does not change with the addition of two
childhood leukaemia studies published after 2002. Since the publication of
the IARC monograph the evidence for other childhood cancers remains inad-
equate.

Subsequent to the IARC monograph a number of reports have been
published concerning the risk of female breast cancer in adults associated
with ELF magnetic field exposure. These studies are larger than the previous
ones and less susceptible to bias, and overall are negative. With these studies,
the evidence for an association between ELF magnetic field exposure and the
risk of female breast cancer is weakened considerably and does not support
an association of this kind.
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In the case of adult brain cancer and leukaemia, the new studies
published after the IARC monograph do not change the conclusion that the
overall evidence for an association between ELF magnetic fields and the risk
of these diseases remains inadequate. 

For other diseases and all other cancers, the evidence remains inad-
equate. 

Laboratory animal studies

There is currently no adequate animal model of the most common
form of childhood leukaemia, acute lymphoblastic leukaemia. Three inde-
pendent large-scale studies of rats provided no evidence of an effect of ELF
magnetic fields on the incidence of spontaneous mammary tumours. Most
studies report no effect of ELF magnetic fields on leukaemia or lymphoma in
rodent models. Several large-scale long-term studies in rodents have not
shown any consistent increase in any type of cancer, including haematopoie-
tic, mammary, brain and skin tumours.

A substantial number of studies have examined the effects of ELF
magnetic fields on chemically-induced mammary tumours in rats. Inconsis-
tent results were obtained that may be due in whole or in part to differences
in experimental protocols, such as the use of specific sub-strains. Most stud-
ies on the effects of ELF magnetic field exposure on chemically-induced or
radiation-induced leukaemia/lymphoma models were negative. Studies of
pre-neoplastic liver lesions, chemically-induced skin tumours and brain
tumours reported predominantly negative results. One study reported an
acceleration of UV-induced skin tumourigenesis upon exposure to ELF mag-
netic fields. 

Two groups have reported increased levels of DNA strand breaks in
brain tissue following in vivo exposure to ELF magnetic fields. However,
other groups, using a variety of different rodent genotoxicity models, found
no evidence of genotoxic effects. The results of studies investigating non-
genotoxic effects relevant to cancer are inconclusive.

Overall there is no evidence that exposure to ELF magnetic fields
alone causes tumours. The evidence that ELF magnetic field exposure can
enhance tumour development in combination with carcinogens is inadequate.

In vitro studies

Generally, studies of the effects of ELF field exposure of cells have
shown no induction of genotoxicity at fields below 50 mT. The notable
exception is evidence from recent studies reporting DNA damage at field
strengths as low as 35 µT; however, these studies are still being evaluated
and our understanding of these findings is incomplete. There is also increas-
ing evidence that ELF magnetic fields may interact with DNA-damaging
agents.
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There is no clear evidence of the activation by ELF magnetic fields
of genes associated with the control of the cell cycle. However, systematic
studies analysing the response of the whole genome have yet to be per-
formed.

Many other cellular studies, for example on cell proliferation, apop-
tosis, calcium signalling and malignant transformation, have produced incon-
sistent or inconclusive results.

Overall conclusion

New human, animal and in vitro studies, published since the 2002
IARC monograph, do not change the overall classification of ELF magnetic
fields as a possible human carcinogen. 

1.1.11 Health risk assessment
According to the WHO Constitution, health is a state of complete

physical, mental and social well-being and not merely the absence of disease
or infirmity. A risk assessment is a conceptual framework for a structured
review of information relevant to estimating health or environmental out-
comes. The health risk assessment can be used as an input to risk manage-
ment that encompasses all the activities needed to reach decisions on whether
an exposure requires any specific action(s) and the undertaking of these
actions.

In the evaluation of human health risks, sound human data, when-
ever available, are generally more informative than animal data. Animal and
in vitro studies can support evidence from human studies, fill data gaps left
in the evidence from human studies or be used to make a decision about risks
when human studies are inadequate or absent. 

All studies, with either positive or negative effects, need to be eval-
uated and judged on their own merit and then all together in a weight-of-evi-
dence approach. It is important to determine to what extent a set of evidence
changes the probability that exposure causes an outcome. The evidence for
an effect is generally strengthened if the results from different types of stud-
ies (epidemiology and laboratory) point to the same conclusion and/or when
multiple studies of the same type show the same result.

Acute effects

Acute biological effects have been established for exposure to ELF
electric and magnetic fields in the frequency range up to 100 kHz that may
have adverse consequences on health. Therefore, exposure limits are needed.
International guidelines exist that have addressed this issue. Compliance
with these guidelines provides adequate protection for acute effects.

Chronic effects

Scientific evidence suggesting that everyday, chronic low-intensity
(above 0.3–0.4 µT) power-frequency magnetic field exposure poses a health
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risk is based on epidemiological studies demonstrating a consistent pattern of
increased risk for childhood leukaemia. Uncertainties in the hazard assess-
ment include the role that control selection bias and exposure misclassifica-
tion might have on the observed relationship between magnetic fields and
childhood leukaemia. In addition, virtually all of the laboratory evidence and
the mechanistic evidence fail to support a relationship between low-level
ELF magnetic fields and changes in biological function or disease status.
Thus, on balance, the evidence is not strong enough to be considered causal,
but sufficiently strong to remain a concern. 

Although a causal relationship between magnetic field exposure
and childhood leukaemia has not been established, the possible public health
impact has been calculated assuming causality in order to provide a poten-
tially useful input into policy. However, these calculations are highly depen-
dent on the exposure distributions and other assumptions, and are therefore
very imprecise. Assuming that the association is causal, the number of cases
of childhood leukaemia worldwide that might be attributable to exposure can
be estimated to range from 100 to 2400 cases per year. However, this repre-
sents 0.2 to 4.9% of the total annual incidence of leukaemia cases, estimated
to be 49 000 worldwide in 2000. Thus, in a global context, the impact on
public health, if any, would be limited and uncertain.

A number of other diseases have been investigated for possible
association with ELF magnetic field exposure. These include cancers in both
children and adults, depression, suicide, reproductive dysfunction, develop-
mental disorders, immunological modifications and neurological disease.
The scientific evidence supporting a linkage between ELF magnetic fields
and any of these diseases is much weaker than for childhood leukaemia and
in some cases (for example, for cardiovascular disease or breast cancer) the
evidence is sufficient to give confidence that magnetic fields do not cause the
disease.

1.1.12 Protective measures
It is essential that exposure limits be implemented in order to pro-

tect against the established adverse effects of exposure to ELF electric and
magnetic fields. These exposure limits should be based on a thorough exami-
nation of all the relevant scientific evidence. 

Only the acute effects have been established and there are two inter-
national exposure limit guidelines (ICNIRP, 1998a; IEEE, 2002) designed to
protect against these effects. 

As well as these established acute effects, there are uncertainties
about the existence of chronic effects, because of the limited evidence for a
link between exposure to ELF magnetic fields and childhood leukaemia.
Therefore the use of precautionary approaches is warranted. However, it is
not recommended that the limit values in exposure guidelines be reduced to
some arbitrary level in the name of precaution. Such practice undermines the
scientific foundation on which the limits are based and is likely to be an
expensive and not necessarily effective way of providing protection. 
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Implementing other suitable precautionary procedures to reduce
exposure is reasonable and warranted. However, electric power brings obvi-
ous health, social and economic benefits, and precautionary approaches
should not compromise these benefits. Furthermore, given both the weakness
of the evidence for a link between exposure to ELF magnetic fields and
childhood leukaemia, and the limited impact on public health if there is a
link, the benefits of exposure reduction on health are unclear. Thus the costs
of precautionary measures should be very low. The costs of implementing
exposure reductions will vary from one country to another, making it very
difficult to provide a general recommendation for balancing the costs against
the potential risk from ELF fields. 

In view of the above, the following recommendations are given. 
• Policy-makers should establish guidelines for ELF field exposure

for both the general public and workers. The best source of
guidance for both exposure levels and the principles of scientific
review are the international guidelines.

• Policy-makers should establish an ELF EMF protection programme
that includes measurements of fields from all sources to ensure that
the exposure limits are not exceeded either for the general public or
workers.

• Provided that the health, social and economic benefits of electric
power are not compromised, implementing very low-cost
precautionary procedures to reduce exposure is reasonable and
warranted.

• Policy-makers, community planners and manufacturers should
implement very low-cost measures when constructing new facilities
and designing new equipment including appliances.

• Changes to engineering practice to reduce ELF exposure from
equipment or devices should be considered, provided that they yield
other additional benefits, such as greater safety, or little or no cost.

• When changes to existing ELF sources are contemplated, ELF field
reduction should be considered alongside safety, reliability and
economic aspects.

• Local authorities should enforce wiring regulations to reduce
unintentional ground currents when building new or rewiring
existing facilities, while maintaining safety. Proactive measures to
identify violations or existing problems in wiring would be
expensive and unlikely to be justified.

• National authorities should implement an effective and open
communication strategy to enable informed decision-making by all
stakeholders; this should include information on how individuals
can reduce their own exposure.
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• Local authorities should improve planning of ELF EMF-emitting
facilities, including better consultation between industry, local
government, and citizens when siting major ELF EMF-emitting
sources.

• Government and industry should promote research programmes to
reduce the uncertainty of the scientific evidence on the health
effects of ELF field exposure.

1.2 Recommendations for research
Identifying the gaps in the knowledge concerning the possible

health effects of exposure to ELF fields is an essential part of this health risk
assessment. This has resulted in the following recommendations for further
research (summarized in Table 1).

As an overarching need, further research on intermediate frequen-
cies (IF), usually taken as frequencies between 300 Hz and 100 kHz, is
required, given the present lack of data in this area. Very little of the required
knowledge base for a health risk assessment has been gathered and most
existing studies have contributed inconsistent results, which need to be fur-
ther substantiated. General requirements for constituting a sufficient IF data-
base for health risk assessment include exposure assessment,
epidemiological and human laboratory studies, and animal and cellular (in
vitro) studies (ICNIRP, 2003; ICNIRP, 2004; Litvak, Foster & Repacholi,
2002).

For all volunteer studies, it is mandatory that research on human
subjects is conducted in full accord with ethical principles, including the pro-
visions of the Helsinki Declaration (WMA, 2004).

For laboratory studies, priority should be given to reported
responses (i) for which there is at least some evidence of replication or con-
firmation, (ii) that are potentially relevant to carcinogenesis (for example,
genotoxicity), (iii) that are strong enough to allow mechanistic analysis and
(iv) that occur in mammalian or human systems. 

1.2.1 Sources, measurements and exposures
The further characterization of homes with high ELF exposure in

different countries to identify relative contributions of internal and external
sources, the influence of wiring/grounding practices and other characteristics
of the home could give insights into identifying a relevant exposure metric
for epidemiological assessment. An important component of this is a better
understanding of foetal and childhood exposure to ELF fields, especially
from residential exposure to underfloor electrical heating and from trans-
formers in apartment buildings.

It is suspected that in some cases of occupational exposure the
present ELF guideline limits are exceeded. More information is needed on
exposure (including to non-power frequencies) related to work on, for exam-
ple, live-line maintenance, work within or near the bore of MRI magnets
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(and hence to gradient-switching ELF fields) and work on transportation sys-
tems. Similarly, additional knowledge is needed about general public expo-
sure which could come close to guideline limits, including sources such as
security systems, library degaussing systems, induction cooking and water
heating appliances.

Exposure to contact currents has been proposed as a possible expla-
nation for the association of ELF magnetic fields with childhood leukaemia.
Research is needed in countries other than the USA to assess the capability
of residential electrical grounding and plumbing practices to give rise to con-
tact currents in the home. Such studies would have priority in countries with
important epidemiological results with respect to ELF and childhood leu-
kaemia.

1.2.2 Dosimetry
In the past, most laboratory research was based on induced electric

currents in the body as a basic metric and thus dosimetry was focused on this
quantity. Only recently has work begun on exploring the relationship
between external exposure and induced electric fields. For a better under-
standing of biological effects, more data on internal electric fields for differ-
ent exposure conditions are needed.

Computation should be carried out of internal electric fields due to
the combined influence of external electric and magnetic fields in different
configurations. The vectorial addition of out-of-phase and spatially varying
contributions of electric and magnetic fields is necessary to assess basic
restriction compliance issues.

Very little computation has been carried out on advanced models of
the pregnant woman and the foetus with appropriate anatomical modelling. It
is important to assess possible enhanced induction of electric fields in the
foetus in relation to the childhood leukaemia issue. Both maternal occupa-
tional and residential exposures are relevant here.

There is a need to further refine micro-dosimetric models in order
to take into account the cellular architecture of neural networks and other
complex suborgan systems identified as being more sensitive to induced
electric field effects. This modelling process also needs to consider influ-
ences in cell membrane electrical potentials and on the release of neurotrans-
mitters. 

1.2.3 Biophysical mechanisms
There are three main areas where there are obvious limits to the cur-

rent understanding of mechanisms: the radical pair mechanism, magnetic
particles in the body and signal-to-noise ratios in multicell systems, such as
neuronal networks.

The radical pair mechanism is one of the more plausible low-level
interaction mechanisms, but it has yet to be shown that it is able to mediate
significant effects in cell metabolism and function. It is particularly impor-
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tant to understand the lower limit of exposure at which it acts, so as to judge
whether this could or could not be a relevant mechanism for carcinogenesis.
Given recent studies in which reactive oxygen species were increased in
immune cells exposed to ELF fields, it is recommended that cells from the
immune system that generate reactive oxygen species as part of their immune
response be used as cellular models for investigating the potential of the rad-
ical pair mechanism. 

Although the presence of magnetic particles (magnetite crystals) in
the human brain does not, on present evidence, appear to confer a sensitivity
to environmental ELF magnetic fields, further theoretical and experimental
approaches should explore whether such sensitivity could exist under certain
conditions. Moreover, any modification that the presence of magnetite might
have on the radical pair mechanism discussed above should be pursued.

The extent to which multicell mechanisms operate in the brain so as
to improve signal-to-noise ratios should be further investigated in order to
develop a theoretical framework for quantifying this or for determining any
limits on it. Further investigation of the threshold and frequency response of
the neuronal networks in the hippocampus and other parts of the brain should
be carried out using in vitro approaches.

1.2.4 Neurobehaviour 
It is recommended that laboratory-based volunteer studies on the

possible effects on sleep and on the performance of mentally demanding
tasks be carried out using harmonized methodological procedures. There is a
need to identify dose-response relationships at higher magnetic flux densities
than used previously and a wide range of frequencies (i.e. in the kilohertz
range). 

Studies of adult volunteers and animals suggest that acute cognitive
effects may occur with short-term exposures to intense electric or magnetic
fields. The characterization of such effects is very important for the develop-
ment of exposure guidance, but there is a lack of specific data concerning
field-dependent effects in children. The implementation of laboratory-based
studies of cognition and changes in electroencephalograms (EEGs) in people
exposed to ELF fields is recommended, including adults regularly subjected
to occupational exposure and children. 

Behavioural studies on immature animals provide a useful indicator
of the possible cognitive effects on children. The possible effects of pre- and
postnatal exposure to ELF magnetic fields on the development of the ner-
vous system and cognitive function should be studied. These studies could be
usefully supplemented by investigations into the effects of exposure to ELF
magnetic fields and induced electric fields on nerve cell growth using brain
slices or cultured neurons. 

There is a need to further investigate potential health consequences
suggested by experimental data showing opioid and cholinergic responses in
animals. Studies examining the modulation of opioid and cholinergic
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responses in animals should be extended and the exposure parameters and
the biological basis for these behavioural responses should be defined.

1.2.5 Neuroendocrine system
The existing database of neuroendocrine response does not indicate

that ELF exposure would have adverse impacts on human health. Therefore
no recommendations for additional research are given.

1.2.6 Neurodegenerative disorders
Several studies have observed an increased risk of amyotrophic lat-

eral sclerosis in “electrical occupations”. It is considered important to inves-
tigate this association further in order to discover whether ELF magnetic
fields are involved in the causation of this rare neurodegenerative disease.
This research requires large prospective cohort studies with information on
ELF magnetic field exposure, electric shock exposure as well as exposure to
other potential risk factors.

It remains questionable whether ELF magnetic fields constitute a
risk factor for Alzheimer’s disease. The data currently available are not suffi-
cient and this association should be further investigated. Of particular impor-
tance is the use of morbidity rather than mortality data.

1.2.7 Cardiovascular disorders
Further research into the association between ELF magnetic fields

and the risk of cardiovascular disease is not considered a priority.

1.2.8 Immunology and haematology
Changes observed in immune and haematological parameters in

adults exposed to ELF magnetic fields showed inconsistencies, and there are
essentially no research data available for children. Therefore, the recommen-
dation is to conduct studies on the effects of ELF exposure on the develop-
ment of the immune and haematopoietic systems in juvenile animals.

1.2.9 Reproduction and development
There is some evidence of an increased risk of miscarriage associ-

ated with ELF magnetic field exposure. Taking into account the potentially
high public health impact of such an association, further epidemiological
research is recommended.

1.2.10 Cancer
Resolving the conflict between epidemiological data (which show

an association between ELF magnetic field exposure and an increased risk of
childhood leukaemia) and experimental and mechanistic data (which do not
support this association) is the highest research priority in this field. It is rec-
ommended that epidemiologists and experimental scientists collaborate on
this. For new epidemiological studies to be informative they must focus on
new aspects of exposure, potential interaction with other factors or on high
exposure groups, or otherwise be innovative in this area of research. In addi-
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tion, it is also recommended that the existing pooled analyses be updated, by
adding data from recent studies and by applying new insights into the analy-
sis.

Childhood brain cancer studies have shown inconsistent results. As
with childhood leukaemia, a pooled analysis of childhood brain cancer stud-
ies should be very informative and is therefore recommended. A pooled anal-
ysis of this kind can inexpensively provide a greater and improved insight
into the existing data, including the possibility of selection bias and, if the
studies are sufficiently homogeneous, can offer the best estimate of risk.

For adult breast cancer more recent studies have convincingly
shown no association with exposure to ELF magnetic fields. Therefore fur-
ther research into this association should be given very low priority. 

For adult leukaemia and brain cancer the recommendation is to
update the existing large cohorts of occupationally exposed individuals.
Occupational studies, pooled analyses and meta-analyses for leukaemia and
brain cancer have been inconsistent and inconclusive. However, new data
have subsequently been published and should be used to update these analy-
ses. 

The priority is to address the epidemiological evidence by estab-
lishing appropriate in vitro and animal models for responses to low-level
ELF magnetic fields that are widely transferable between laboratories. 

Transgenic rodent models for childhood leukaemia should be devel-
oped in order to provide appropriate experimental animal models to study the
effect of ELF magnetic field exposure. Otherwise, for existing animal stud-
ies, the weight of evidence is that there are no carcinogenic effects of ELF
magnetic fields alone. Therefore high priority should be given to in vitro and
animal studies in which ELF magnetic fields are rigorously evaluated as a
co-carcinogen.

With regard to other in vitro studies, experiments reporting the
genotoxic effects of intermittent ELF magnetic field exposure should be rep-
licated.

1.2.11 Protective measures 
Research on the development of health protection policies and pol-

icy implementation in areas of scientific uncertainty is recommended, specif-
ically on the use of precaution, the interpretation of precaution and the
evaluation of the impact of precautionary measures for ELF magnetic fields
and other agents classified as “possible human carcinogens”. Where there are
uncertainties about the potential health risk an agent poses for society, pre-
cautionary measures may be warranted in order to ensure the appropriate
protection of the public and workers. Only limited research has been per-
formed on this issue for ELF magnetic fields and because of its importance,
more research is needed. This may help countries to integrate precaution into
their health protection policies.
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 Further research on risk perception and communication which is
specifically focused on electromagnetic fields is advised. Psychological and
sociological factors that influence risk perception in general have been
widely investigated. However, limited research has been carried out to anal-
yse the relative importance of these factors in the case of electromagnetic
fields or to identify other factors that are specific to electromagnetic fields.
Recent studies have suggested that precautionary measures which convey
implicit risk messages can modify risk perception by either increasing or
reducing concerns. Deeper investigation in this area is therefore warranted.

Research on the development of a cost–benefit/cost-effectiveness
analysis for the mitigation of ELF magnetic fields should be carried out. The
use of cost–benefit and cost-effectiveness analyses for evaluating whether a
policy option is beneficial to society has been researched in many areas of
public policy. The development of a framework that will identify which
parameters are necessary in order to perform this analysis for ELF magnetic
fields is needed. Due to uncertainties in the evaluation, quantifiable and
unquantifiable parameters will need to be incorporated.

Table 1. Recommendations for further research
Sources, measurements and exposures Priority

Further characterization of homes with high ELF magnetic field expo-
sure in different countries 

Medium

Identify gaps in knowledge about occupational ELF exposure, such 
as in MRI

High

Assess the ability of residential wiring outside the USA to induce con-
tact currents in children 

Medium

Dosimetry
Further computational dosimetry relating external electric and mag-
netic fields to internal electric fields, particularly concerning exposure 
to combined electric and magnetic fields in different orientations

Medium

Calculation of induced electric fields and currents in pregnant women 
and in the foetus

Medium

Further refinement of microdosimetric models taking into account the 
cellular architecture of neural networks and other complex suborgan 
systems

Medium

Biophysical mechanisms
Further study of radical pair mechanisms in immune cells that gener-
ate reactive oxygen species as part of their phenotypic function

Medium

Further theoretical and experimental study of the possible role of 
magnetite in ELF magnetic field sensitivity

Low

Determination of threshold responses to internal electric fields 
induced by ELFs on multicell systems, such as neural networks, 
using theoretical and in vitro approaches

High
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12 HEALTH RISK ASSESSMENT

12.1 Introduction
The control of health risks from the exposure to any physical,

chemical or biological agent is informed by a scientific, ideally quantitative,
assessment of potential effects at given exposure levels (risk assessment).
Based upon the results of the risk assessment and taking into consideration
other factors, a decision-making process aimed at eliminating or, if this is not
possible, reducing to a minimum the risk from the agent (risk management)
can be started. The discussion below is based on the WHO Environmental
Health Criteria 210 which describes the principles for the assessment of risks
to human health from exposure to chemicals (WHO, 1999). These principles
are generally applicable and have been used here for ELF electric and mag-
netic fields.

Risk assessment is a conceptual framework that provides the mech-
anism for a structured review of information relevant to estimating health or
the environmental effects of exposure. The risk assessment process is
divided into four distinct steps: hazard identification, exposure assessment,
exposure-response assessment and risk characterization.
• The purpose of hazard identification is to evaluate qualitatively the

weight of evidence for adverse effects in humans based on the
assessment of all the available data on toxicity and modes of action.
Primarily two questions are addressed: (1) whether ELF fields may
pose a health hazard to human beings and (2) under what
circumstances an identified hazard may occur. Hazard
identification is based on analyses of a variety of data that may
range from observations in humans to studies conducted in
laboratories, as well as possible mechanisms of action.

• Exposure assessment is the determination of the nature and extent
of exposure to EMF under different conditions. Multiple
approaches can be used to conduct exposure assessments. These
include direct techniques, such as the measurement of ambient and
personal exposures, and indirect methods, for example
questionnaires and computational techniques.

• Exposure-response assessment is the process of quantitatively
characterizing the relationship between the exposure received and
the occurrence of an effect. For most types of possible adverse
effects (i.e. neurological, behavioural, immunological, reproductive
or developmental effects), it is generally considered that there is an
EMF exposure level below which adverse effects will not occur
(i.e. a threshold). However, for other effects such as cancer, there
may not be a threshold.

• Risk characterization is the final step in the risk assessment
process. Its purpose is to support risk managers by providing the
essential scientific evidence and rationale about risk that they need
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for decision-making. In risk characterization, estimates of the risk
to human health under relevant exposure scenarios are provided.
Thus, a risk characterization is an evaluation and integration of the
available scientific evidence and is used to estimate the nature,
importance and often the magnitude of human risk, including a
recognition and characterization of uncertainty that can reasonably
be estimated to result from exposure to EMF under specific
circumstances.
The health risk assessment can be used as an input to risk manage-

ment, which encompasses (1) all the activities needed to reach decisions on
whether an exposure requires any specific action(s), (2) which actions are
appropriate and (3) the undertaking of these actions. Such risk management
activities are further discussed in Chapter 13.

12.2 Hazard identification

12.2.1 Biological versus adverse health effects
According to the WHO Constitution, health is a state of complete

physical, mental and social well-being and not merely the absence of disease
or infirmity. Before identifying any actual health hazards, it is useful to clar-
ify the difference between a biological effect and an adverse health effect. A
biological effect is any physiological response to, in this case, exposure to
ELF fields. Some biological effects may have no influence on health, some
may have beneficial consequences, while others may result in pathological
conditions, i.e. adverse health effects. Annoyance or discomfort caused by
ELF exposure may not be pathological per se but, if substantiated, can affect
the physical and mental well-being of a person and the resultant effect may
be considered to be an adverse health effect.

12.2.2 Acute effects
ELF electric and magnetic fields can affect the nervous systems of

people exposed to them, resulting in adverse health consequences such as
nerve stimulation, at very high exposure levels. Exposure at lower levels
induces changes in the excitability of nervous tissue in the central nervous
system which may affect memory, cognition and other brain functions. These
acute effects on the nervous system form the basis of international guide-
lines. However, they are unlikely to occur at the low exposure levels in the
general environment and most working environments. 

Exposure to ELF electric fields also induces a surface electric
charge which can lead to perceptible, but non-hazardous effects, including
microshocks.

12.2.3 Chronic effects
Scientific evidence suggesting that everyday, chronic, low-intensity

ELF magnetic field exposure poses a possible health risk is based on epide-
miological studies demonstrating a consistent pattern of an increased risk of
childhood leukaemia. Uncertainties in the hazard assessment include the role
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of control selection bias and exposure misclassification. In addition, virtually
all of the laboratory evidence and the mechanistic evidence fails to support a
relationship between low-level ELF magnetic field exposure and changes in
biological function or disease status. Thus, on balance, the evidence is not
strong enough to be considered causal and therefore ELF magnetic fields
remain classified as possibly carcinogenic. 

A number of other diseases have been investigated for possible
association with ELF magnetic field exposure. These include other types of
cancers in both children and adults, depression, suicide, reproductive dys-
function, developmental disorders, immunological modifications, neurologi-
cal disease and cardiovascular disease. The scientific evidence supporting a
linkage between exposure to ELF magnetic fields and any of these diseases
is weaker than for childhood leukaemia and in some cases (for example, for
cardiovascular disease or breast cancer) the evidence is sufficient to give
confidence that magnetic fields do not cause the disease.

12.3 Exposure assessment
Electric and magnetic field exposures can be expressed in terms of

instantaneous or temporally averaged values. Either of these can be calcu-
lated from source parameters or measured.

12.3.1 Residential exposures
In the case of residential exposure, data from various countries

show that the geometric means of ELF magnetic field strengths across homes
do not vary dramatically. Mean values of ELF electric fields in the home can
be up to several tens of volts per metre. In the vicinity of some appliances,
the instantaneous magnetic field values can be as much as a few hundreds of
microtesla. Close to power lines, magnetic fields reach as much as approxi-
mately 20 µT and electric fields can be between several hundreds and several
thousands of volts per metre. 

The epidemiological studies on childhood leukaemia have focused
on average residential ELF magnetic fields above 0.3 to 0.4 µT as a risk fac-
tor for cancer. Results from several extensive surveys showed that approxi-
mately 0.5–7% of children had time-averaged exposures in excess of 0.3 µT
and 0.4–3.3% were exposed to in excess of 0.4 µT. Calculations based on
case-control studies of ELF magnetic field exposure and childhood leu-
kaemia resulted in approximately similar ranges. 

12.3.2 Occupational exposures
Occupational exposure is predominantly at power frequencies and

their harmonics. Magnetic field exposure in the workplace can be up to
approximately 10 mT and this is invariably associated with the presence of
conductors carrying high currents. In the electrical supply industry, workers
may be exposed to electric fields up to 30 kV m-1, which induce electric
fields in the body and lead to increased occurrence of contact currents and
microshocks. 
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12.4 Exposure-response assessment
Exposure-response assessment is the process of characterizing the

relationship between the exposure received by an individual and the occur-
rence of an effect. There are many ways in which exposure-response rela-
tionships can be evaluated and a number of assumptions must be used to
conduct such assessments. 

12.4.1 Threshold levels 
For some effects there may be a continuous relation with exposure,

for others a threshold may exist. There will be a certain amount of impreci-
sion in determining these thresholds. The degree of uncertainty is reflected
partly in the value of a safety factor that is incorporated in order to derive the
exposure limit.

Frequency-dependent thresholds have been identified for acute
effects on electrically excitable tissues, particularly those in the central ner-
vous system. These effects result from electric fields and currents that are
induced in body tissues by ELF electric or magnetic field exposure (see
Chapter 5). The ICNIRP (1998a) identified a threshold current density of 100
mA m-2 for acute changes in functions of the central nervous system (CNS:
brain and spinal cord, located in the head and trunk) and recommended basic
restrictions on current density induced in these tissues of 10 mA m-2 for
workers and 2 mA m-2 for members of the public. A general consideration of
neural tissue physiology suggested that these restrictions should remain con-
stant between 4 Hz and 1 kHz, rising above and below these frequencies.
More recently, the IEEE (2002) identified a threshold induced electric field
strength of 53 mV m-1 at 20 Hz for changes in brain function in 50% of
healthy adults. Effects taken into account included phosphene induction and
other effects on synaptic interactions. The IEEE recommended basic restric-
tions on induced electric field strength in the brain of 17.7 mV m-1 in “con-
trolled” environments and 5.9 mV m-1 for members of the public. The
phosphene threshold rises above 20 Hz and therefore the basic restrictions
recommended by the IEEE follow a frequency-proportional law up to 760
Hz, above which restrictions are based on peripheral nerve stimulation up to
100 kHz (IEEE, 2002). The net effect is that the guidance recommended by
the ICNIRP (1998a) is more restrictive than that recommended by the IEEE
(2002) at power frequencies (50/60 Hz) and above (see Section 12.5.1
below). The major factor responsible for this is the difference in cut-off fre-
quency (20 Hz for the IEEE and 1 kHz for the ICNIRP) at which thresholds
for electric field strength and induced current density begin to rise (Reilly,
2005).

No thresholds have not been identified for chronic effects. 

12.4.2 Epidemiological methods
The most common means of characterizing an exposure-response

relationship in epidemiology is through the derivation of estimates of relative
risk or the odds ratio per unit of exposure or across exposure categories.
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Most epidemiological studies have used the latter method. In summary, two
recent pooled analyses of the studies on ELF magnetic fields and childhood
leukaemia have presented dose-response analyses. These analyses have been
conducted both on the basis of exposure categories and of continuous expo-
sure data. All these analyses show that the risk increase becomes detectable
around 0.3–0.4 µT. For exposure levels above these values, the data at
present do not allow further analysis because of the small numbers of cases
in the high exposure category.

12.5 Risk characterization

12.5.1 Acute effects
Exposure limits based on the acute effects on electrically excitable

tissues, particularly those in the CNS, have been proposed by several interna-
tional organizations. The current ICNIRP (1998a) guidelines for the general
public at 50 Hz are 5 kV m-1 for electrical fields and 100 µT for magnetic
fields, and at 60 Hz are 4.2 kV m-1 and 83 µT. For workers, the correspond-
ing levels are 10 kV/m and 500 µT for 50 Hz and 8.3 kV m-1 and 420 µT for
60 Hz. The IEEE (2002) exposure levels are 5 kV m-1 and 904 µT for expo-
sure to 60 Hz EMF for the general public. For occupational groups, the IEEE
levels are 20 kV m-1 and 2710 µT at 60 Hz. The differences in the guidelines,
derived independently by the IEEE and the ICNIRP, result from the use of
different adverse reaction thresholds, different safety factors and different
transition frequencies, i.e. those frequencies at which the standard function
changes slope (see section 12.4.1). 

12.5.2 Chronic effects
The most common means of characterizing risks from epidemiolog-

ical data for a single endpoint is to use the attributable fraction. The attribut-
able fraction, based on an established exposure–disease relation, is the
proportion of cases (of a disease) that are attributable to the exposure. The
attributable fraction is based on the comparison between the number of cases
in a population that occur when the population is exposed and the number
that would occur in the same population if the population were not exposed,
assuming that all the other population characteristics remain the same. The
assumption of a causal relationship is critical to this evaluation. As noted in
Chapter 11 and later in this chapter, an assumption of this kind is difficult to
accept because of the numerous limitations on the epidemiological data on
childhood leukaemia and ELF magnetic field exposure and a lack of support-
ing evidence from a large number of experimental studies. Nevertheless, a
risk characterization has been performed in order to provide some insight
into the possible public health impact assuming that the association is causal.

Attributable fractions for childhood leukaemia that may result from
ELF magnetic field exposure have been calculated in a number of publica-
tions (Banks & Carpenter, 1988; Grandolfo, 1996; NBOSH - National Board
of Occupational Safety and Health et al., 1996; NIEHS, 1999). Greenland &
Kheifets (2006) have expanded on the analyses of two different sets of
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pooled data on childhood leukaemia and ELF magnetic field exposure (Ahl-
bom et al., 2000; Greenland et al., 2000) to provide an updated evaluation
covering estimates for attributable fractions in a larger number of countries
than were included in the pooled analyses. In global terms, most of the infor-
mation on exposure comes from industrialized countries. There are a number
of regions of the world, such as Africa and Latin America, where no repre-
sentative information on exposure is available. Although the odds ratios from
the major study regions – North America, Europe, New Zealand and parts of
Asia – are similar (and therefore estimates from a pooled analysis of data
obtained in these regions could be used for the present calculation), there are
substantial differences in the exposure distributions between these regions.
Comparable or larger differences are expected to exist with and within other
regions. Therefore, the estimates of attributable fractions calculated from the
data of industrialized countries cannot be confidently generalized to cover
developing countries. 

Greenland & Kheifets (2006) also performed an analysis of the
uncertainty in the estimates of attributable fractions, by varying the assump-
tions made (more details on this analysis can be found in the appendix).
Using the exposure distribution from case-control studies, the calculated
attributable fractions are generally below 1% for the European and Japanese
studies and between 1.5 and 3% for the North American studies. Based upon
the exposure surveys, the attributable fraction values vary between 1 and 5%
for all areas. The confidence bounds on these numbers are relatively large.
Moreover, since these calculations are highly dependent on assumptions
about the exposure prevalence and distribution and on the effect of exposure
on the disease, they are very imprecise. Thus, assuming that the association
is causal, on a worldwide scale, the best point estimates of the calculated
attributable numbers (rounded to the nearest hundred) range from 100 to
2400 childhood leukaemia cases per year that might be attributable to ELF
magnetic field exposure (these numbers are derived from Figures A3 and A4
in the appendix; Kheifets, Afifi & Shimkhada, 2006), representing 0.2 to
4.9% of the total annual number of leukaemia cases, which was calculated to
be around 49 000 worldwide in 2000 (IARC, 2000). 

12.5.3 Uncertainties in the risk characterization

12.5.3.1 Biophysical mechanisms

The biophysical plausibility of various proposed direct and indirect
interaction mechanisms for ELF electric and magnetic fields depends in par-
ticular on whether a “signal” generated in a biological process or entity by
exposure to such a field can be discriminated from inherent random noise.
There is considerable uncertainty as to which mechanism(s) might be rele-
vant. Three mechanisms related to the direct interaction of fields with the
human body stand out as potentially operating at lower field levels than the
others: induced electric fields in networks of neural tissues, the prolongation
of the lifetime of radical pairs and effects on magnetite. 
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12.5.3.2 Exposure metric

At present it is unknown which, if any, aspect of exposure might be
harmful. Certain actions, while reducing one aspect of exposure, might inad-
vertently increase another aspect that, if it were a causal factor, would lead to
increased risk. However, the assumptions are usually that less exposure is
preferable and that reducing one aspect of exposure will also reduce any
aspect that might be harmful. Neither of these assumptions is certain. In fact,
some laboratory research has suggested that biological effects caused by
EMF vary within windows of frequency and intensity of the fields. While
such a complex and unusual pattern would go against some of the accepted
tenets of toxicology and epidemiology, the possibility that it may be real can-
not be ignored.

12.5.3.3 Epidemiology

The consistently observed association between average magnetic
field exposure above 0.3–0.4 µT and childhood leukaemia can be due to
chance, selection bias, misclassification and other factors which can poten-
tially confound the association or a true causal relationship. Given that the
pooled analyses were based on large numbers, chance as a possible explana-
tion seems unlikely. Taking into account potential confounding factors has
not changed the risk estimates and substantial confounding from factors that
do not represent an aspect of the electric or magnetic fields is unlikely. Selec-
tion bias, particularly for the controls in case-control studies, may be par-
tially responsible for the consistently observed association between ELF
magnetic field exposure and childhood leukaemia. Difficulties with exposure
assessment are likely to have led to substantial non-differential exposure
misclassification, but this is unlikely to provide an explanation for the
observed association and may in fact lead to an underestimation of the mag-
nitude of risk. Exposure misclassification may also introduce uncertainty
into the potential dose-response relation. Because the estimates of the attrib-
utable fraction are calculated from the relative risks and exposure preva-
lence, and since both are affected by exposure misclassification, the
attributable fraction may also be affected by exposure misclassification.
However, the effect on the relative risk and on the exposure misclassification
tends to work in opposite directions.

12.6 Conclusions
Acute biological effects have been established for exposure to ELF

electric and magnetic fields in the frequency range up to 100 kHz that may
have adverse consequences on health. Therefore, exposure limits are needed.
International guidelines exist that have addressed this issue. Compliance
with these guidelines provides adequate protection. 

Consistent epidemiological evidence suggests that chronic low-
intensity ELF magnetic field exposure is associated with an increased risk of
childhood leukaemia. However, the evidence for a causal relationship is lim-
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ited, therefore exposure limits based upon epidemiological evidence are not
recommended, but some precautionary measures are warranted.
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13 PROTECTIVE MEASURES 

13.1 Introduction
With 25 years of research into possible health risks from ELF

fields, much knowledge and understanding have been gained, but important
scientific uncertainties still remain. Acute effects on the nervous systems
have been identified and these form the basis of international guidelines.
Regarding possible long-term effects, epidemiological studies suggest that
everyday, low-intensity ELF magnetic field exposure poses a possible
increased risk of childhood leukaemia, but the evidence is not strong enough
to be considered causal and therefore ELF magnetic fields remain classified
as possibly carcinogenic. The evidence is weaker for other studied effects,
including other types of cancers in both children and adults, depression, sui-
cide, reproductive dysfunction, developmental disorders, immunological
modifications, neurological disease and cardiovascular disease.

Given the lack of conclusive data on possible long-term adverse
health effcts decision-makers are faced with a range of possible measures to
protect public health. The choices to be made depend not only on the
assessment of the scientific data, but also on the local public health context
and the level of concern and pressure from various stakeholders.

This chapter describes public health measures for the management
of ELF risks. The scientific basis for current international EMF standards
and guidelines is reviewed, followed by a summary of existing EMF poli-
cies. The use of precautionary-based approaches is discussed and recommen-
dations are provided for protective measures considered to be appropriate
given the degree of scientific uncertainty.

In the context of this chapter the collective term “policy-makers”
refers to national and local governmental authorities, regulators and other
stakeholders who are responsible for the development of policies, strategies,
regulations, technical standards and operational procedures.

13.2 General issues in health policy

13.2.1 Dealing with environmental health risks
Most risk analysis approaches that deal with the impacts on health

of a particular agent include three basic steps. 
The first step is to identify the health risk and establish a risk profile

or risk framing. This entails a brief description of the health context, the val-
ues expected to be placed at risk and the potential consequences. It also
includes prioritizing the risk factor within the overall national public and
occupational health context. This step would also comprise committing
resources and commissioning a risk assessment.

The second step is to perform a risk assessment (hazard identifica-
tion, exposure assessment, exposure-response assessment and risk character-
ization), involving a scientific evaluation of the effects of the risk factor as
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carried out in this document (see Chapter 12). Some countries have the
resources to undertake their own scientific evaluation of EMF health-related
effects through a formal health risk assessment process (for example, the
EMF RAPID programme in the United States, NIEHS, 1999) or through an
independent advisory committee (for example, the Independent Advisory
Group on Non-Ionizing Radiation in the United Kingdom, AGNIR, 2001b).
Other countries may go through a less formal process to develop science-
based guidelines or a variation on these. 

Finally, risk management strategies need to be considered, taking
into account that there is more than one way of managing all health risks.
Specifically, appropriate management procedures need to be devised for
complex, controversial and uncertain risks. The aim in these cases is to iden-
tify ways of coping with uncertainty and inadequate information by develop-
ing sound decision-making procedures, applying appropriate levels of
precaution and seeking consensus in society. The term “risk management”
encompasses all of those activities required to reach decisions on whether a
risk requires elimination or reduction. Risk management strategies can be
broadly classified as regulatory, economic, advisory or technological, but
these categories are not mutually exclusive. Thus a broad collection of ele-
ments can be factored into the final policy-making or rule-making process,
such as legislative mandates (statutory guidance), political considerations,
socio-economic values, costs, technical feasibility, the population at risk, the
duration and magnitude of the risk, risk comparisons and the possible impact
on trade between countries. Key decision-making factors such as the size of
the population, resources, the costs of meeting targets, the scientific quality
of the risk assessment and subsequent managerial decisions vary enormously
from one decision context to another. It is also recognized that risk manage-
ment is a complex multidisciplinary procedure which is seldom codified or
uniform, is frequently unstructured and can respond to evolving input from a
wide variety of sources. Increasingly, risk perception and risk communica-
tion are recognized as important elements that must be considered for the
broadest possible public acceptance of risk management decisions.

The process of identifying, assessing and managing risks can help-
fully be described in terms of distinct steps, as described in a report of the US
Presidential/Congressional Commission on Risk Assessment and Risk Man-
agement (1997) which emphasizes the analysis of possible options, clarifica-
tion of all stakeholders' interests and openness in the way decisions are
reached. In reality, however, these steps overlap and merge into one other,
and should ideally be defined as an iterative process that includes two-way
feedback and stakeholder involvement at all stages (Figure 10). 
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Figure 10. Dealing with risk: A risk analysis process that includes identifying,
assessing and managing risks.

13.2.2 Factors affecting health policy
For policy-makers, scientific evidence carries substantial weight,

but is not the exclusive criterion. Final decisions will also incorporate social
values, such as the acceptability of risks, costs and benefits and cultural pref-
erences. The question policy-makers strive to answer is “What is the best
course of action to protect and promote health?”

Governmental health policies are based on a balance of “equity”,
i.e. the right of each citizen to an equitable level of protection and “effi-
ciency”, where cost-benefit or cost-effectiveness is important. The level of
risk deemed acceptable by society depends on a number of factors. Where
there is an identified risk, the value that society places on the reduction of
risk or disease arising from a particular agent, technology or intervention is
based on the assumption that the reduction will actually occur. For involun-
tary exposures a notional (de minimis) value of lifetime mortality risk of 1 in
100 000 is accepted as a general threshold (with 1 in a million as an ideal
goal) below which the risk is considered to be acceptable or impractical to
improve on (WHO, 2002). For example, the risk of ionizing radiation expo-
sure from radon is reasonably well-characterized and the exposure should be
reduced so that it does not cause radiation-induced cancer in more than one
per 100 000 individuals over their lifetime.

In developing policy, regulators try to maximize the benefits and
minimize societal costs. The following issues are considered to be part of this
process. 
• Public health/safety – A major objective of policy is to reduce or

eliminate harm to the population. Harmful effects on health are
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usually measured in terms of morbidity caused by the exposure and
the probability that an effect would occur. They could also be
measured in terms of extra cases of disease or death due to
exposure, or of the number of cases avoided by reducing exposure. 

• Net cost of the policy – The cost, referring to more than simply the
monetary expense, of the policy for society as a whole, without
considering any distribution of the cost, consists of several
components: (a) the direct cost imposed on the entire society for
any measures taken; (b) the indirect cost to society, for example,
resulting from less than optimal use of the technology; and (c) cost
reduction created by the policy, for example, faster implementation
of a beneficial technology. 

• Public trust – The degree of public trust in the policy and the degree
of its acceptance as an effective means to adequately protect public
health is an important objective in many countries. Moreover, the
public’s feeling of safety is important in itself, since the WHO
definition of health addresses social well-being and not only the
absence of disease or infirmity (WHO, 1946).

• Stakeholder involvement – A fair, open and transparent process is
essential to good policy-making. Stakeholder involvement includes
participation at each stage of policy development and opportunities
to review and comment on a proposed policy prior to its
implementation. Such a process may legitimately result in
outcomes different from those that would be chosen by scientific
experts or decision-makers alone. 

• Non-discriminatory treatment of sources – All sources should
receive the same attention when considering exposure (for example,
for ELF fields, when reducing magnetic fields that result from
grounding practices in the home, household appliances, power lines
and transformers). The policy should focus on the most cost-
effective option for reducing exposure. The policy-maker must
determine whether (a) different consideration should be given to
new or existing facilities and (b) there is justification for a different
policy for non-voluntary and voluntary exposure. For further
information, see the statement of the European Commission on the
precautionary principle (EC, 2000).

• Ethical, moral, cultural and religious constraints –
Notwithstanding stakeholder consultation, individuals and groups
may differ in their views regarding whether a policy is ethical,
moral and culturally acceptable or in agreement with religious
beliefs. These issues can affect the implementation of a policy and
need to be considered. 

• Reversibility – The consequences of implementing a policy must be
carefully considered. Policies need to be balanced and based on
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current information and include sufficient flexibility to be modified
as new information becomes available.

13.3 Scientific input 
Science-based evaluations of any hazards caused by EMF exposure

form the basis of international guidelines on exposure limits and provide an
essential input to public policy response. Criteria and procedures for deter-
mining limit values are outlined in the WHO Framework for Developing
Health-based EMF Standards (WHO, 2006a). 

13.3.1 Emission and exposure standards
Standards contain technical specifications or other precise criteria

that are used consistently as rules, guidelines or definitions of characteristics
to ensure that materials, products, processes and services are fit for their pur-
pose. In the context of EMF they can be emission standards, which specify
limits of emissions from a device, measurement standards, which describe
how compliance with exposure or emission standards may be ensured, or
exposure standards, which specify the limits of human exposure from all
devices that emit EMF into a living or working environment.

Emission standards set various specifications for EMF-emitting
devices and are generally based on engineering considerations, for example
to minimize electromagnetic interference with other equipment and/or to
optimize the efficiency of the device. Emission standards are usually devel-
oped by the International Electrotechnical Commission (IEC), the Institute of
Electrical and Electronic Engineers (IEEE), the International Telecommuni-
cations Union (ITU), the Comité Européen de Normalisation Electrotech-
nique / European Committee for Electrotechnical Standardization
(CENELEC), as well as other independent organizations and national stan-
dardization authorities.

While emission standards are aimed at ensuring, inter alia, compli-
ance with exposure limits, they are not explicitly based on health consider-
ations. In general, emission standards are intended to ensure that exposure to
the emission from a device will be sufficiently low that its use, even in prox-
imity to other EMF-emitting devices, will not cause exposure limits to be
exceeded. 

Exposure standards that limit human EMF exposure are based on
studies that provide information on the health effects of EMF, as well as the
physical characteristics and the sources in use, the resulting levels of expo-
sure and the people at risk. Exposure standards generally refer to maximum
levels to which whole or partial body exposure is permitted from any number
of sources. This type of standard normally incorporates safety factors and
provides the basic guide for limiting personal exposure. Guidelines for such
standards have been issued by the International Commission on Non-Ioniz-
ing Radiation Protection (ICNIRP, 1998a), the Institute of Electrical and
Electronic Engineers (IEEE, 2002) and many national authorities. These
have been discussed in Chapter 12. While some countries have adopted the
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ICNIRP guidelines, others use them as the de facto standard without giving
them a legal basis (WHO, 2006b). 

13.3.2 Risk in perspective
There is scientific uncertainty as to whether chronic exposure to

ELF magnetic fields causes an increased risk of childhood leukaemia. In
addition, given the small estimated effect resulting from such a risk, the rar-
ity of childhood leukaemia, the rarity of average exposures higher than 0.4
µT and the uncertainty in determining the relevant exposure metric (see sec-
tion 12.5.3), it is unlikely that the implementation of an exposure limit based
on the childhood leukaemia data and aimed at reducing average exposure to
ELF magnetic fields to below 0.4 µT, would be of overall benefit to society.

The actual exposures of the general public to ELF magnetic fields
are usually considerably lower than the international exposure guidelines.
However, the public’s concern often focuses on the possibility of long-term
effects caused by low-level environmental exposure. The classification of
ELF magnetic fields as a possible carcinogen has triggered a reappraisal by
some countries of whether the exposure limits for ELF provide sufficient
protection. These reappraisals have led a number of countries and local gov-
ernments to develop precautionary measures as discussed below. 

13.4 Precautionary-based policy approaches
Since protecting populations is part of the political process, it is

expected that different countries may choose to provide different levels of
protection against environmental hazards, responding to the factors affecting
health policy (see section 13.2.2). Various approaches to protection have
been suggested to deal with scientific uncertainty. In recent years, increased
reference has been made to precautionary policies, and in particular the Pre-
cautionary Principle.

The Precautionary Principle is a risk management tool applied in
situations of scientific uncertainty where there may be need to act before
there is strong proof of harm. It is intended to justify drafting provisional
responses to potentially serious health threats until adequate data are avail-
able to develop more scientifically based responses. The Precautionary Prin-
ciple is mentioned in international law (EU, 1992; United Nations, 1992) and
is the basis for European environmental legislation (EC, 2000). It has also
been referred to in some national legislation, for example in Canada (Gov-
ernment of Canada, 2003), and Israel (Government of Israel, 2006). The Pre-
cautionary Principle and its relationship to science and the development of
standards have been discussed in several publications (Foster, Vecchia &
Repacholi, 2000; Kheifets, Hester & Banerjee, 2001).

13.4.1 Existing precautionary ELF policies
With regard to possible effects from chronic ELF exposure, policy-

makers have responded by using a wide variety of precautionary policies
based on cultural, social, and legal considerations. These include the impor-
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tance given to avoiding a disease that affects mostly children, the acceptabil-
ity of involuntary, as opposed to voluntary, exposures and the different
importance given to uncertainties in the decision-making process. Some
measures are mandatory and required by law, whereas others are voluntary
guidelines. Several examples are presented below.
• Prudent avoidance – This precautionary-based policy was

developed for power-frequency EMF. It is defined as taking steps to
lower human exposure to ELF fields by redirecting facilities and
redesigning electrical systems and appliances at low to modest
costs (Nair, Morgan & Florig, 1989). Prudent avoidance has been
adopted as part of policy in several countries, including Australia,
New Zealand and Sweden (see Table 85). Low-cost measures that
can be taken include routing new power lines away from schools
and phasing and configuring power line conductors to reduce
magnetic fields near rights-of-way.

• Passive regulatory action – This recommendation, introduced in
the USA for the ELF issue (NIEHS, 1999), advocates educating the
public on ways to reduce personal exposure, rather than setting up
actual measures to reduce exposure.

• Precautionary emission control – This policy, implemented in
Switzerland, is used to reduce ELF exposure by keeping emission
levels as low as “technically and operationally feasible”. Measures
to minimize emissions should also be “financially viable” (Swiss
Federal Council, 1999). The emission levels from a device or class
of devices are controlled, while the international exposure limits
(ICNIRP, 1998a) are adopted as the maximum level of human
exposure from all sources of EMF. 

• Precautionary exposure limits – As a precautionary measure, some
countries have reduced limits on exposure. For example, in 2003,
Italy adopted ICNIRP standards but introduced two further limits
for EMF exposure (Government of Italy, 2003): (a) “attention
values” of one tenth of the ICNIRP reference levels for specific
locations, such as children's playgrounds, residential dwellings and
school premises, and (b) further restrictive “quality goals” which
only apply to new sources and new homes. The chosen values for
50 Hz, 10 µT and 3 µT respectively, are arbitrary. There is no
evidence of possible acute effects at that level nor evidence from
epidemiological studies of leukaemia which suggests that an
exposure of 3 µT is safer than an exposure of 10 or 100 µT. 
Other examples of various types of precautionary policies applied

to power-frequency field exposure are given in Table 86 (Kheifets et al.,
2005). A complete database of EMF standards worldwide is provided on the
website of the WHO International EMF Project (WHO, 2006b).
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13.4.2 Cost and feasibility
The problem faced by the regulator is how to determine and evalu-

ate the trade-off between various objectives and constraints. If zero tolerance
to risk is desired, then it implies that cost is of no importance, which is prob-
lematic in a world with limited resources. On the other hand, accepting the
use and introduction of technologies, provided that they have not been
proven hazardous, disregards any potential health effects and may have a
cost that society is not willing to pay.

From a utilitarian perspective, policy decisions cannot be made
without a consideration of costs and these costs must be placed in context
with the benefits. The costs and benefits of policy options should be consid-
ered at the broadest level and also presented in such a way that the costs and
possible benefits to various stakeholders can be understood. All costs should
be included, whether borne by industry, consumers or others. Even when
allowing for the legitimate desire of society to err on the side of safety, it is
likely that it will be difficult to justify more than very low-cost measures to
reduce exposure to ELF fields.

Examples of approaches to considering the costs and benefits of
precautionary actions on EMFs can be found in various countries. One exam-
ple of an assessment of the costs of possible actions to reduce fields from
power lines is in the Netherlands (Kelfkens et al., 2002). Here national geo-
graphical records were used to identify homes close to power lines, and
hence to calculate the numbers of homes exposed to various levels of ELF
magnetic fields. Four possible interventions were then considered: vector-
sequence rearrangement, phase conductor splitting, line relocation and
undergrounding, and each of these were costed for those lines where people
live nearby. The effect of each of these measures on the change in distance of
various field levels to the line was also calculated. Dividing the cost by the
number of homes removed from exposure to the given field level provided
an “average cost per dwelling gained”. For 0.4 µT, this cost per dwelling for
vector-sequence rearrangement, phase conductor splitting, line relocation
and undergrounding was €18,000, €55,000, €128,000 and €655,000, respec-
tively. An analysis of this kind is useful to policy-makers as it allows for the
consideration and comparison of technical measures with other measures, for
example, the relocation of power lines or dwellings.

Extensive “what if” policy analyses relating to EMFs from power
lines and in schools were carried out in California in the late 1990s. The
authors considered both a utilitarian and duty ethic approach to the question:
“How certain do we need to be of the extent of the disease impact from
EMFs before we would take low-cost or expensive EMF avoidance mea-
sures?” The results are summarized in a “Policy Options” document. Com-
puter models were developed which allow users to investigate the impact of
several variables, such as costs, probability of disease and extent of disease
(von Winterfeldt et al., 2004). The cost–benefit analysis tended to suggest
that avoidance measures at modest cost could be justified from a cost–benefit
viewpoint below a “beyond a reasonable doubt” level of scientific certainty.
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This approach has not been formally implemented in California, where the
no- or low-cost policy has been recently reaffirmed. 

Five Swedish governmental authorities published “Guidance for
Decision-makers” in 1996, in which caution was recommended at reasonable
expense. Examples of costing estimates were provided for several case stud-
ies. Based on their definition of the precautionary principle, measures should
be considered when the fields deviate strongly from what can be deemed
normal in the environment concerned (NBOSH, 1996).

When attempting to place a notional value on the benefit of pre-
venting fatalities or cases of disease, extensive literature is available from
areas other than EMFs. The two main approaches to obtaining a financial
value are “human capital” and “willingness to pay”. “Human capital”
attempts to calculate the loss to society of a fatality, for example, by estimat-
ing the lost wages that would have been earned by that person during the rest
of their life and in more sophisticated analyses including, for example, the
cost to society of treating disease etc. “Willingness to pay” attempts to
observe what individuals or society as a whole are willing to pay to prevent
ill health or fatality, e.g. by looking at the extra salary paid to people in high-
risk occupations or the amount that people are willing to pay to avoid living
in an earthquake zone.

Both the “human capital” and “willingness to pay”-approaches are
society-specific. For example, a WHO analysis of “The cost of diabetes in
Latin America and Caribbean” (Alberto et al., 2003) used the human capital
approach, calculating lost earings resulting from premature death and dis-
ability, and valued premature death in Latin America and the Caribbean at
$37,000 per person. But a WHO analysis (Adams et al., 1999) of the eco-
nomic value of premature death attributed to environmental tobacco smoke
cites an EPA study from the USA which placed the “willingness”to pay”
value of human life lost at $4.8 million per person and another study that
places the value of human life lost at $5 million per person. The wage-risk
trade-off method was used to determine this amount.

These examples provide an insight into how some researchers and
national or local authorities have analysed several scenarios, assuming the
potential health risk from ELF exposure to be important enough to imple-
ment precautionary measures. For countries without the resources to conduct
such an exercise, recommendations are provided below that the Task Group
considers appropriate, based on all the evidence considered.

13.5 Discussion and recommendations 
Countries are encouraged to adopt international science-based

guidelines. In the case of EMF, the international harmonization of standard-
setting is a goal that countries should aim for (WHO, 2006a).

If precautionary measures are considered to complement the stan-
dards, they should be applied in such a way that they do not undermine the
science-based guidelines.

DEIS Comments (MGC) - Attachment 7, Page 58 



368

Ta
bl

e 
87

. F
ac

to
rs

 re
le

va
nt

 to
 th

e 
an

al
ys

is
 o

f e
ac

h 
po

lic
y 

op
tio

n 
a

O
pt

io
n

R
el

ev
an

t f
ac

to
rs

 in
 c

on
si

de
rin

g 
be

ne
fit

s
R

el
ev

an
t f

ac
to

rs
 in

 c
on

si
de

rin
g 

co
st

s

D
o 

no
th

in
g

C
hi

ld
ho

od
 le

uk
ae

m
ia

 is
 a

 re
la

tiv
el

y 
ra

re
 d

is
ea

se
, 

an
d 

on
ly

 a
 s

m
al

l p
ro

po
rti

on
 o

f t
he

 p
op

ul
at

io
n 

is
 

ex
po

se
d 

to
 le

ve
ls

 m
en

tio
ne

d 
in

 e
pi

de
m

io
lo

gi
ca

l 
st

ud
ie

s 
(i.

e.
 e

st
im

at
ed

 ti
m

e-
w

ei
gh

te
d 

av
er

ag
e 

ab
ov

e 
0.

3 
or

 0
.4

 µ
T)

.

Th
er

e 
ar

e 
m

an
y 

un
ce

rta
in

tie
s 

re
ga

rd
in

g 
th

e 
ef

fe
c-

tiv
en

es
s 

of
 p

ol
ic

ie
s,

 w
hi

ch
 c

ou
ld

 b
e 

re
du

ce
d 

w
ith

 
sc

ie
nt

ifi
c 

pr
og

re
s.

W
he

n 
th

e 
on

ly
 a

va
ila

bl
e 

op
tio

ns
 a

re
 c

os
tly

 it
 m

ay
 

be
 m

or
e 

ap
pr

op
ria

te
 n

ot
 to

 ta
ke

 fo
rm

al
 a

ct
io

n.
A

llo
w

s 
fo

r t
he

 a
da

pt
at

io
n 

of
 p

ol
ic

y 
as

 e
vi

de
nc

e 
em

er
ge

s.

N
o 

po
ss

ib
ili

ty
 o

f r
ed

uc
in

g 
bu

rd
en

 o
f d

is
ea

se
.

N
o 

pr
og

re
ss

 to
w

ar
ds

 re
m

ov
al

 o
f u

nc
er

ta
in

tie
s 

an
d 

be
tte

r k
no

w
le

dg
e 

in
 fu

tu
re

.

U
nd

er
m

in
es

 tr
us

t i
n 

au
th

or
iti

es
.

C
on

ce
rn

ed
 c

iti
ze

ns
 m

ay
 ta

ke
 m

at
te

rs
 in

to
 th

ei
r o

w
n 

ha
nd

s.

R
es

ea
rc

h
R

ed
uc

es
 u

nc
er

ta
in

ty
 a

nd
 fa

ci
lit

at
es

 b
et

te
r d

ec
is

io
n-

m
ak

in
g.

C
on

tri
bu

te
s 

to
 th

e 
sc

ie
nt

ifi
c 

ba
se

.

H
el

ps
 in

 d
ev

el
op

in
g 

so
lu

tio
ns

.

D
iv

er
si

on
 o

f r
es

ou
rc

es
 fr

om
 h

ig
he

r p
rio

rit
y 

ar
ea

s.

M
ay

 d
el

ay
 a

ct
io

ns
 a

w
ai

tin
g 

re
se

ar
ch

 re
su

lts
.

DEIS Comments (MGC) - Attachment 7, Page 59 



369

Ta
bl

e 
87

. C
on

tin
ue

d

O
pt

io
n

R
el

ev
an

t f
ac

to
rs

 in
 c

on
si

de
rin

g 
be

ne
fit

s
R

el
ev

an
t f

ac
to

rs
 in

 c
on

si
de

rin
g 

co
st

s

C
om

m
un

ic
at

io
n

A
 k

no
w

le
dg

ea
bl

e 
pu

bl
ic

 
- c

an
 b

et
te

r e
va

lu
at

e 
th

e 
ac

ce
pt

ab
ilit

y 
of

 d
iff

er
en

t 
le

ve
ls

 o
f E

LF
 ri

sk
s

- c
an

 re
du

ce
 p

ub
lic

 c
on

ce
rn

 d
ue

 to
 m

is
pe

rc
ei

ve
d 

E
LF

 ri
sk

s
- c

an
 in

cr
ea

se
 tr

us
t i

n 
th

os
e 

pr
ov

id
in

g 
th

e 
in

fo
rm

a-
tio

n.

A
 k

no
w

le
dg

ea
bl

e 
pu

bl
ic

 a
nd

 w
or

ke
rs

- c
an

 b
e 

in
vo

lv
ed

 in
 th

e 
de

ci
si

on
-m

ak
in

g 
pr

oc
es

s 
re

ga
rd

in
g 

E
LF

 s
ou

rc
es

- c
an

 m
ak

e 
in

fo
rm

ed
 d

ec
is

io
ns

 o
n 

w
ha

t a
pp

lia
nc

es
 

to
 p

ur
ch

as
e 

or
 h

ow
 to

 p
la

ce
 th

em
 s

o 
as

 to
 m

in
im

iz
e 

ex
po

su
re

- c
an

 in
flu

en
ce

 m
ar

ke
t f

or
ce

s 
to

 d
es

ig
n 

so
ur

ce
s 

in
 

or
de

r t
o 

m
in

im
iz

e 
ex

po
su

re
 (e

.g
. e

le
ct

ric
 b

la
nk

et
s)

.

P
os

si
bi

lit
y 

of
 g

iv
in

g 
ris

e 
to

 u
nj

us
tif

ie
d 

al
ar

m
 o

r c
on

-
ce

rn
.

M
ay

 h
av

e 
lim

ite
d 

ef
fe

ct
iv

en
es

s 
w

he
re

 th
e 

un
de

r-
st

an
di

ng
 o

f e
xp

os
ur

e 
is

 d
iff

ic
ul

t o
r w

he
re

 e
xp

os
ur

e 
is

 in
vo

lu
nt

ar
y 

an
d 

ha
rd

 to
 a

vo
id

.

M
iti

ga
tio

n
C

ha
ng

es
 to

 p
la

n-
ni

ng
 o

f n
ew

 fa
ci

li-
tie

s

R
ea

ss
es

sm
en

t o
f t

he
 n

ee
d 

fo
r n

ew
 fa

ci
lit

ie
s.

Av
oi

d 
un

ne
ce

ss
ar

y 
ex

po
su

re
 b

y 
co

m
pa

rin
g 

di
ffe

r-
en

t p
la

nn
in

g 
sc

en
ar

io
s 

so
 a

s 
to

 m
in

im
iz

e 
ex

po
su

re
.

U
se

 o
f b

es
t a

va
ila

bl
e 

te
ch

no
lo

gy
.

Lo
w

er
 c

os
t s

in
ce

 o
pt

io
ns

 a
re

 d
ea

lt 
w

ith
 in

 p
la

nn
in

g 
st

ag
e 

of
 n

ew
 in

st
al

la
tio

ns
.

R
eq

ui
re

s 
al

te
rn

at
iv

e 
te

ch
ni

ca
l d

es
ig

ns
 b

e 
pr

e-
se

nt
ed

 fo
r t

he
 c

on
st

ru
ct

io
n 

of
 n

ew
 fa

ci
lit

ie
s.

C
os

ts
 m

ay
 in

cl
ud

e 
st

er
ili

za
tio

n 
of

 la
nd

, d
ev

al
ua

tio
n 

of
 p

ro
pe

rty
, a

nd
 c

om
pe

ns
at

io
n 

pa
ym

en
ts

.

P
os

si
bi

lit
y 

of
 s

et
tin

g 
a 

pr
ec

ed
en

t f
or

 fu
tu

re
 p

ro
je

ct
s 

re
ga

rd
le

ss
 o

f f
ut

ur
e 

ci
rc

um
st

an
ce

s.

DEIS Comments (MGC) - Attachment 7, Page 60 



370

Ta
bl

e 
87

. C
on

tin
ue

d

O
pt

io
n

R
el

ev
an

t f
ac

to
rs

 in
 c

on
si

de
rin

g 
be

ne
fit

s
R

el
ev

an
t f

ac
to

rs
 in

 c
on

si
de

rin
g 

co
st

s

M
iti

ga
tio

n
En

gi
ne

er
in

g 
ch

an
ge

s 
of

 e
xi

st
-

in
g 

fa
ci

lit
ie

s

R
ed

uc
tio

n 
of

 e
xp

os
ur

e 
by

 ta
ki

ng
 p

ro
te

ct
iv

e 
m

ea
-

su
re

s 
su

ch
 a

s 
in

st
al

lin
g 

sh
ie

ld
in

g,
 c

ha
ng

in
g 

w
iri

ng
 

pr
ac

tic
es

 in
 h

ou
se

s 
an

d 
in

 d
is

tri
bu

tio
n 

or
 tr

an
sm

is
-

si
on

 s
ys

te
m

s 
(s

pl
it 

ph
as

in
g,

 ra
is

in
g 

gr
ou

nd
 c

le
ar

-
an

ce
s,

 u
nd

er
gr

ou
nd

in
g 

et
c.

).

A
 s

ig
ni

fic
an

t p
ar

t o
f t

he
 c

os
t m

ay
 b

e 
in

 id
en

tif
yi

ng
 

th
e 

in
st

an
ce

s 
ra

th
er

 th
an

 re
m

ed
ia

tio
n.

C
ha

ng
es

 in
tro

du
ce

d 
to

 e
xi

st
in

g 
in

st
al

la
tio

ns
 in

vo
lv

e 
a 

hi
gh

er
 c

os
t.

C
os

ts
 m

ay
 in

cl
ud

e 
st

er
ili

za
tio

n 
of

 la
nd

, d
ev

al
ua

tio
n 

of
 p

ro
pe

rty
 a

nd
 c

om
pe

ns
at

io
n 

pa
ym

en
ts

.

En
gi

ne
er

in
g 

ch
an

ge
s 

to
 a

pp
li-

an
ce

s

R
ed

uc
tio

n 
of

 e
xp

os
ur

e 
to

 m
ag

ne
tic

 fi
el

ds
.

In
cr

ea
se

d 
co

st
 (o

r i
nc

re
as

ed
 s

iz
e 

or
 w

ei
gh

t) 
of

 
ap

pl
ia

nc
es

.

N
at

io
na

l s
ta

nd
ar

ds
Ex

po
su

re
 li

m
its

M
ay

 in
cr

ea
se

 p
ub

lic
 c

on
fid

en
ce

 in
 th

e 
au

th
or

ity
’s

 
ac

tio
n 

to
 p

ro
te

ct
 h

ea
lth

.
M

ay
 u

nd
er

m
in

e 
sc

ie
nc

e-
ba

se
d 

gu
id

el
in

es
.

M
ay

 g
iv

e 
fa

ls
e 

se
ns

e 
of

 s
ec

ur
ity

.

M
ay

 h
in

de
r i

nc
en

tiv
es

 fo
r f

ur
th

er
 re

du
ct

io
n 

of
 u

nd
ue

 
ex

po
su

re
.

C
os

t o
f c

om
pl

ia
nc

e.

D
iff

ic
ul

t t
o 

m
ov

e 
to

w
ar

ds
 le

ss
 s

tri
ng

en
t s

ta
nd

ar
ds

 if
 

ju
st

ifi
ed

 b
y 

ne
w

 s
ci

en
tif

ic
 e

vi
de

nc
e.

a  
W

ith
 th

e 
ex

ce
pt

io
n 

of
 th

e 
fir

st
 o

pt
io

n,
 a

ll 
th

e 
op

tio
ns

 a
re

 e
va

lu
at

ed
 in

 re
la

tio
n 

to
 “d

oi
ng

 n
ot

hi
ng

” r
at

he
r t

ha
n 

ad
op

tin
g 

in
te

rn
at

io
na

l g
ui

de
lin

es
.

DEIS Comments (MGC) - Attachment 7, Page 61 



371

As a result of considering the various options, policy makers will
select and implement appropriate, country-specific measures for the protec-
tion of the general public and workers from exposure to ELF fields. Factors
relevant to the evaluation of each policy option are given in Table 87. Pre-
cautionary measures are generally implemented through voluntary codes,
encouragement and collaborative programmes rather than through manda-
tory enforcement, and should be seen as interim policy tools. 

Risk perception and communication

The lack of policy harmonization worldwide is one of many factors
that may exacerbate public anxiety. People's perceptions of a risk depend on
personal factors, external factors and the nature of the risk (Slovic, 1987).
Personal factors include age, sex, and cultural or educational backgrounds,
while external factors comprise the media and other forms of information
dissemination, the current political and economic situation, opinion
movements and the structure of the regulatory process and political decision-
making in the community. 

The nature of the risk can also lead to different perceptions depend-
ing on the degree of control the public has over a situation, fairness and
equity aspects in locating EMF sources and fear of specific diseases (for
example, cancer versus headache). The greater the number of factors that
contribute to the public’s perception of risk, the greater the potential for pub-
lic concern. Public concern can be reduced through information and commu-
nication between the public, scientists, governments and industry. Effective
risk communication is not only a presentation of the scientific calculation of
risk, but also a forum for discussion on broader issues of ethical and moral
concern (WHO, 2002).

Consultation

The acceptability of the risks of ELF fields, relative to other envi-
ronmental health risks, is ultimately at least as much about political and soci-
etal values and judgements as it is about scientific information. To establish
public trust and confidence, stakeholders need to be involved in decision-
making at the appropriate time. ELF stakeholders include government agen-
cies, scientific and medical communities, advocacy groups, consumer pro-
tection organizations, environmental protection organizations, other affected
professionals such as planners and property professionals, and industry
including the electricity industry and appliance manufacturers. While there
will not always be consensus on such issues, the position taken should be
transparent, evidence-based and able to withstand critical scrutiny.

Need for periodic evaluation

As new scientific information becomes available, exposure guide-
lines and standards should be updated. Certain studies may be more likely
than others to prompt a re-evaluation of the scientific basis of the guidelines
and standards because of the strength of the evidence or because of the sever-
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ity of the health outcome under study. Changes to standards or policy should
only be made after a proper assessment of the science base as a whole, to
ensure that the conclusions of the research in a given area are consistent.

Exposure reduction

In recommending precautionary approaches, an overriding princi-
ple is that any actions taken should not compromise the essential health,
social and economic benefits of electric power. In the light of the current sci-
entific evidence and given the important remaining uncertainties, it is recom-
mended that an assessment be conducted of the impact of any precautionary
approach on the health, social and economic benefits of electric power. Pro-
vided that these benefits are not compromised, implementing precautionary
procedures to reduce exposures is reasonable and warranted. The costs of
implementing exposure reductions will vary from one country to another,
making it very difficult to provide a general recommendation for balancing
the costs against the risk from ELF fields. Given the weakness of the evi-
dence for a link between exposure to ELF magnetic fields and childhood leu-
kaemia and the limited potential impact on public health, the benefits of
exposure reduction on health are unclear and thus the cost of reducing expo-
sure should be very low. 

13.5.1 Recommendations
In view of the above, the following recommendations are given. 

• Policy-makers should establish guidelines for ELF field exposure
for both the general public and workers. The best source of
guidance for both exposure levels and the principles of scientific
review are the international guidelines.

• Policy-makers should establish an ELF EMF protection programme
that includes measurements of fields from all sources to ensure that
the exposure limits are not exceeded either for the general public or
workers.

• Provided that the health, social and economic benefits of electric
power are not compromised, implementing very low-cost
precautionary procedures to reduce exposures is reasonable and
warranted.

• Policy-makers and community planners should implement very
low-cost measures when constructing new facilities and designing
new equipment including appliances.

• Changes to engineering practice to reduce ELF exposure from
equipment or devices should be considered, provided that they yield
other additional benefits, such as greater safety, or involve little or
no cost.
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• When changes to existing ELF sources are contemplated, ELF field
reduction should be considered alongside safety, reliability and
economic aspects.

• Local authorities should enforce wiring regulations to reduce
unintentional ground currents when building new or rewiring
existing facilities, while maintaining safety. Proactive measures to
identify violations or existing problems in wiring would be
expensive and unlikely to be justified.

• National authorities should implement an effective and open
communication strategy to enable informed decision-making by all
stakeholders; this should include information on how individuals
can reduce their own exposure.

• Local authorities should improve planning of ELF EMF-emitting
facilities, including better consultation between industry, local
government, and citizens when siting major ELF EMF-emitting
sources.

• Government and industry should promote research programmes to
reduce the uncertainty of the scientific evidence on the health
effects of ELF field exposure.
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APPENDIX: QUANTITATIVE RISK ASSESSMENT FOR
CHILDHOOD LEUKAEMIA
Although a causal relationship between magnetic fields and child-

hood leukaemia has not been established, estimates of the possible public
health impact which assume causality are presented below in order to pro-
vide a potentially useful input into policy analysis under different scenarios
(Kheifets, Afifi & Shimkhada, 2006). 

The public health impact of exposure to an agent can be based on
calculations of attributable fractions. The attributable fraction, based on an
established exposure-disease relation, is the proportion of the case load (of
disease) that is attributable to the exposure assuming there is a causal rela-
tionship. The attributable fraction is based on the difference between the
number of cases in a population that occur when the population is subject to
a given exposure distribution, and the number that would occur in the same
population if that distribution were changed (e.g. if exposure was reduced or
eliminated by an intervention). In this calculation, it is assumed that all other
population characteristics remain the same. Hence, the attributable fraction
can be used to estimate the degree of incidence reduction that would be
expected if exposure were reduced. Since the epidemiological literature has
consistently found elevated risk of childhood leukaemia at ELF magnetic
field exposure levels above 0.3 µT for the arithmetic mean and above 0.4 µT
for the geometric mean, attributable-fraction estimates for these (relatively)
high-level exposures allow the estimated impact on disease incidence of
eliminating or reducing exposure above these levels, assuming the relation
between exposure and leukaemia incidence is causal. 

There are two basic pieces of information needed to make a crude
estimate of the attributable fraction: (1) an estimate of the exposure effect on
the disease and (2) the prevalence of exposure in the population.

A.1 Exposure distribution
In evaluating the risks from exposure to any biologically active

agent, physical, biological, or chemical, it is important to understand the dis-
tribution and magnitudes of the exposures in the general population. In order
to effectively quantify the risks of childhood leukaemia, if any, from expo-
sure to ELF magnetic fields, we must first get some estimate of the degree of
exposure in children. As noted in Chapter 2, these exposures will different
from country to country due to a number of factors, most notably the fre-
quency and voltage used for power distribution. 

There are two types of studies from which the exposure distribution
is extracted: (1) exposure surveys to provide estimates of the exposure
prevalence in children (P0), and (2) case series from case-control studies to
provide estimates of P0 and P1 where P1 is the exposure prevalence in chil-
dren with childhood leukaemia. Use of each of these sources provides some
advantage. Case-control studies provide most relevant measurements of
exposure, but may be biased, if for example, restrictions on the population
(e.g. to live within a certain distance of power lines) make the case exposure
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prevalence in the study different from the population prevalence P1; this ren-
ders unusable the case and control prevalences from studies with exposure-
related restrictions. Even if the cases are representative, the controls will not
be if matching has been done and the matching factors are associated with
exposure; in that case the P0 estimate from the study will be biased upward,
toward P1; fortunately, the most common matching factors were child’s age
and sex, which appear to be almost independent of exposure in the studies
(Greenland, 2001; 2005). Exposure surveys, on the other hand, included both
children and adults, as well as personal measurements throughout the day,
that are thus only tangentially related to the exposure in the child’s bedroom.
At the very least the use of both of these sources provides a range of relevant
exposures and subsequently a range of attributable fractions and numbers for
consideration. 

In contrast, in the case-control studies, the exposure distributions of
the cases were used. For those case-control studies included in each pooled
analysis, the exposure distribution reported in the pooled analysis was used.
For studies not included in either pooled analysis, the exposure distribution
was extracted directly from the study. (See Tables A.1 and A.2 for details of
all the exposure distributions used.) It is assumed that there are no significant
difference in the exposure distributions based on exposure surveys and on
case-control studies. Furthermore, it is assumed that exposures obtained
using personal measures are equivalent to those from household measure-
ments, regardless of length of time of measurement. 

Globally, there is disproportionately more information on exposure
from industrialized countries; and among these countries, the majority of the
studies have been in the USA and, to a lesser extent, in Europe. There are a
number of regions of the world, such as Africa and Latin America, where no
representative information on exposure is available. Furthermore, there can
be substantial differences in the exposure distributions within a region; for
example, exposures in Korea are probably very different from those in China
and India. This poses a difficulty for a global estimation of attributable frac-
tions and numbers since these are highly dependent on the exposure distribu-
tion, hence emphasizing the need for more data on exposure levels
worldwide.

A.2 Exposure-response analysis using attributable fraction
estimates for EMF and childhood leukaemia
If no adjustment for covariates is needed, the values of the estimates

of (1) the exposure effect on the disease and (2) the prevalence of exposure in
the population are simply entered into the unadjusted (crude) attributable
fraction formula (Levin, 1953): 

AFp = P0(RR – 1)/[P0 (RR - 1) + 1]

where AFp is the estimated attributable fraction and RR is the risk ratio esti-
mate. If confounding is present, both RR and P0 should be adjusted (Roth-
man & Greenland, 1998), but in practice only an adjusted estimate for
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